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THEME 


Atmospheric  propagation  of  electromagnetic  waves  at  frequencies  above  30  GHz,  i.e.  millimeter  (MM)  waves  and  infra¬ 
red  (IR),  visible  and  to  some  extent  also  ultra-violet  (UV)  radiation,  is  of  importance  to  many  current  and  future  military 
applications.  Propagation  phenomena  affect  and  often  limit  navigation,  communications,  surveillance,  search,  target 
acquisition,  fire  control,  autonomous  weapons  guidance,  kill  assessment,  countermeasures  and  medium  to  high  power  laser 
applications. 

Recent  advances  in  components  and  technology  have  prompted  extensive  studies  and  novel  applications  in  the  above 
wavelength  region.  Specifically,  second  generation  infra-red  detector  technology,  smart  image  processing,  as  well  as  active 
coherent  detection  systems,  i.e.  millimeter  wave  and  laser  radars,  have  required  dedicated  propagation  studies,  including 
much  longer  ranges  over  land  attd  sea,  multiple  scattering  effects  and  especially  turbulence  induced  systems  limitations. 

An  exchange  of  information  between  scientists  and  engineers  involved  in  research  and  development  in  this  wavelength 
region  will  benefit  further  development  of  systems  and  explore  new  areas  of  research  as  well  as  military  and  civilian 
applications.  The  following  topics  were  discussed: 

1  —  Propagation  measurements; 

2  —  Propagation  models; 

3  —  Sensing  of  the  propagation  environment; 

4  —  System  aspects  and  performance  modelling; 

5  —  Countermeasures. 

The  term  propagation  included  atmospheric  absorption,  scattering,  path  radiance  effects,  turbulence  effects  and 
blooming,  as  created  by  the  ambient  atmosphere  and  by  the  battle-field  effects.  The  term  sensing  covered  in-situ  as  well  as 
remote  techniques.  Systems  performance  modelling  and  countermeasures  concentrated  on  topics  which  arc  directly  related 
to  those  propagation  effects. 


La  propagation  dcs  ondes  electromagnctiques  a  dcs  frequences  superieures  a  30  GHz,  e’est  a  dire  les  undcs 
millimctriques  (MM)  ct  I’infrarougc  (IK),  les  rayonnements  visibles  et  dans  unc  certainc  mesure  ultra-violets,  a  de 
I'importancc  pour  bon  nombre  duplications  militaires  actuellcs  et  futures.  Les  phcnomencs  de  propagation  ont  unc 
influence  qui  cst  souvent  limitative  sur  la  navigation,  les  telecommunications,  la  surveillance,  la  detection,  l’acquisition  de  la 
able,  la  conduite  de  tir,  le  guidage  dcs  missiles  autonomes,  les  previsions  de  destruction,  les  contremcsures  et  les  applications 
des  lasers  de  moyenne  a  haute  puissance. 

Les  progres  realises  dernierement  dans  le  domaine  de  la  technologic  des  composants  ont  amene  dcs  etudes 
importantes,  lesquellcu  ont  debouehe  sur  des  applications  novatrices  dans  la  gnmmc  de  frequence  citec  ci-dcssus.  En 
particulier,  la  technologic  de  la  deuxiemo  generation  des  euptcurs  infru-rouges,  le  traitement  intelligent  des  images  ainsi  que 
les  sytemes  actifs  de  detection  cohcrente,  e’est  u  dire  les  radars  a  laser  et  les  radars  a  ondes  millimctriques,  ont  cxigc  la 
realis;  iion  d’etudes  spccifiques  a  la  propagation,  qui  tiennent  compte  de  portee  beauenup  plus  grandcs  au-dessus  de  la  terre 
et  de  la  mer,  des  effets  multiples  dc  diffusion  et  les  limitations  imposecs  aux  systemes  par  la  turbulence  atmospherique. 

Un  echangc  d’informations  entre  les  scicntifiqucs  ct  ingenieurs  travaillant  dans  cc  domaine  favorise  le  developpement 
ulterieur  dcs  systemes  en  question  tout  en  permettunt  d'cxuminer  de  nouvelles  possibility  de  recherche  ct  dcs  applications 
civilcs  et  militaires,  Les  sujets  sulvants  furent  abordes; 

1  —  La  mesure  de  la  propagation; 

2  —  La  modelisation  de  la  propagation; 

3  —  La  detection  du  milieu  dc  propagation; 

4  —  Les  aspects  des  systemes  et  !u  modelisation  des  performances; 

5  —  Les  contremcsures. 

Le  terme  “propagation"  comptend  les  notions  suivantes,  I’absorption  atmospherique,  la  diffusion,  les  effets  de  la 
luminance  energetique  selon  le  parcuurs,  les  effets  de  la  turbulence  et  IVfflorcseence,  crees  par  l’atmospherc  umbiante  et  par 
les  effets  du  champs  de  bataillc. 

Le  terme  “detection"  comprend  ici  les  techniques  dc  detection  in  situ  aussi  bicn  que  la  teledetection.  La  modelisation 
dcs  performances  de  systemes  et  les  contremcsures  concernont  prineipalemeni  des  sujets  aysmt  un  rapport  direct  avee  les 
effets  de  la  propagation  cites  plus  haul. 
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PREFACE 


With  the  symposium  “Atmospheric  Propagation  in  the  UV,  Visible,  IR  and  MM-wave  Region  and  Related  Systems 
Aspects",  the  AGARD  Electromagnetic  Wave  Propagation  Panel  (EPP)  adhered  to  its  practice  of  periodically  reviewing  the 
recent  advances  in  this  technical  area,  This  held  is  still  expanding  and  is  of  great  importance  to  the  development  of  modern 
systems  and  their  most  effective  application  Atmospheric  propagation  is  crucial  to  the  performance  of  all  systems  operating 
from  the  UV  to  the  MM-wave  region  because  it  limits  their  operational  ranges,  which  depend  on  the  prevailing 
environmental  conditions  and  their  history.  In  other  cases,  propagation  effects  permit  specific  applications,  e.g.,  warning 
devices  based  on  scattered  radiation.  The  importance  of  such  a  symposium  was  already  evident  shortly  after  the  call  for 
papers  by  the  large  number  of  very  appropriate  contributions.  The  result  was  a  stimulating  meeting  at  Copenhagen, 

Denmark,  9— 13  October  1939.  The  Conference  proceedings  contain  all  papers  and  following  discussions.  Volume  one  deals 
with  the  unclassified  portion  and  volume  two  with  the  classified  session  of  the  meeting. 

The  contributions  have  shown,  that  within  the  last  decade  many  atmospheric  propagation  problems  relevant  to  electro- 
optical  and  laser  systems,  including  battlefield  effects,  have  been  investigated  experimentally  and  theoretically  with  such  a 
quality,  that  quite  sophisticated  propagation  codes  and  systems  performance  models  are  available  for  both  armament 
oriented  systems  analyses  and  development  of  tactical  decision  aids.  The  symposium  has  also  pointed  out  that  still- 
developing,  electro-optical  and  MM-wave  technologies  require  additional,  complex,  propagation  research  efforts  and  studies 
for  opcrationally-relevant  systems  performance  analyses. 

The  following  areas  were  identified  as  requiring  future  research: 

—  Transfer  of  information/images  through  the  atmosphere  in  addition  to  studies  related  to  the  basic  effects,  such  as 

emission,  absorption,  scattering,  refraction  and  turbulence. 

—  Effects  of  complex  backgrounds,  c.g.,  atmospheric  emission,  specific  cloud  patterns,  properties  of  the  sea-air- 

environment. 

—  Propagation  effects  related  to  UV-applications. 

—  Propagation  effects  related  to  high  power  laser  heams, 

—  Propagation  and  background  effects  related  to  space-to-ground  observation  tasks,  in  addition  to  the  ground-to- 
ground  and  air-to-ground/ground-to-air  scenarios  over  iand  and  sea. 

—  Effects  within  optically  dense  media,  e.g,,  multiple-scattering  effects  in  clouds  and  smogs. 

The  above  areas  were  cither  specifically  addressed  by  contributions,  or  they  were  identified  during  the  course  of  the 
presentations  and  discussions. 

In  summary,  the  symposium  provided  the  intended  review  on  the  state-of-the-art  in  this  field  of  systems-oriented 
atmospheric  research,  discussed  experimental,  modelling  and  theoretical  aspects,  and  indicated  clearly  the  most  essential 
areas  of  current  and  future  defence-oriented  atmospheric  research  related  to  UV,  visual,  IR  and  MM- wave-systems. 
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A  SURVEY  OF  THE  MARITIME -AEROSOL  DATA  COLLECTED  AT  SOUTH  UIST 
AND  THE  IMPLICATIONS  FOR  THE  LOWTRAN  MARITIME  AEROSOL  MODEL 

N  P  Tolliday,  ARE  Portsdown 
M  h  Smith,  PM  Park  and 
I  E  Consterdine 
University  of  Manchester 
Institute  of  Science  and  Technology 
Manchester,  England  UK 


SUMMARY 

Over  the  period  1979  until  1980,  Umist  (University  of  Manchester  Institute  of 
Science  and  Technology)  have  been  funded  by  ARE  (MOD)  Portsdown  to  carry  out  a  Maritime 
Aerosol  Study.  This  paper  is  a  survey  of  the  results  obtained  and  some  comments  on  how 
well  the  data  conforms  to  the  LOWTRAN  maritime  aerosol  model. 

Aerosol  loadings  and  spectral  distributions  have  been  measured,  over  numerous 
2-4  week  periods  since  1979,  at  a  coastal  site  on  the  island  of  South  Uist,  situated  off 
north-west  Scotland.  Aerosol  size  distributions,  covering  the  radius  range  0.08  to 
23.5  microns,  were  measured  by  Particle  Measuring  Systems  optical  particle  counters, 
together  with  basic  meteorological  observations.  Generally,  these  instruments  were 
mounted  on  a  10  m  tower  situated  at  the  head  of  a  gently  sloping,  west-facing  beach;  the 
observations  were  shown  to  be  representative  of  open  ocean  conditions  tor  maritime  air 
masses , 

Two  further  field  projects  were  conducted  at  this  site  during  the  Spring  and  Summer 
of  1986.  The  Spring  project  was  characterised  by  an  intense  cyclone  which  gave  ri3e  to 
local  wind  speeds  exceeding  40  m/s  whilst,  during  the  Summer,  much  calmer  conditions 
prevailed  with  an  extended  period  of  very  low  wind  speeds.  Thus,  data  were  obtained 
encompassing  wind  speeds  from  essentially  zero  to  values  in  excess  of  30  m/s. 

These  observations  demonstrated  that  volumetric  loadings  of  marine  aerosol  continue 
increasing  for  all  measured  wind  speeds,  contrary  to  earlier  speculation  suggesting  a 
limit  beyond  12-15  m/s. 

The  low  wind  speed  period  permitted  the  relaxation  response  of  the  atmosphere  to  be 
investigated,  and  the  decay  of  the  aerosol  loadings,  for  various  size  categories,  over 
this  period  was  found  to  be  consistent  with  a  simple  turbulent  deposition  model. 

Variations  in  aerosol  spectral  shape  with  wind  speed  will  be  presented,  and  demon¬ 
strate  that  particulate  volume  and  surface  area  are  dominated  by  the  larger  particles  for 
moderate  and  high  wind  speeds.  The  consequences  of  these  findings  for  the  LOWTRAN 
Maritime  Aerosol  Model  and  for  atmospheric  propagation  at  visible  and  infra  red  wave¬ 
lengths  are  discussed. 

1 .  INTRODUCTION 

Sea-salt  particles  are  injected  into  the  marine  boundary  layer  when  bubbles, 
produced  principally  by  whitecapping,  burst  at  the  sea  surface.  This  aerosol  production 
rate  is  primarily  dependent  upon  the  local  wind  speed,  but  is  also  influenced  by  other 
factors  -  eg  wind  speed  history,  fetch,  water  tern) jrature ,  air-sea  temperature 
dif f erence1 # 2 ,  salinity1  and  water  contaminants^ .  This  locally-produced  aerosol  (with 
particle  radii  generally  exceeding  1/um)  will  be  mixed  with  that  already  present  in  the 
atmosphere,  consisting  primarily  of  small  particles  (r  <  0.5/um)  having  residence  times 
of  several  days  which  may  have  travelled  hundreds  of  kilometres  from  continental  or 
anthropogenic  sources^ > ® > 7 .  Under  strong  wind  conditions,  this  aerosol  will  be  further 
supplemented  by  spindrift,  comprising  sea  spray  droplets  torn  directly  from  wave  crests 
by  the  action  of  the  wind  and  whose  radii  may  extend  to  several  tens  of  micrometres. 

The  aerosol  observed  at  the  site  is  the  resultant  of  these  production  mechanisms  and 
other  dynamical  processes.  Changes  in  relative  humidity  cause  shifts  in  aerosol  spectral 
shape8,  though  these  effects  are  generally  not  well  pronounced  under  maritime  conditions, 
where  the  size  spectra  show  relatively  little  variation  with  particle  radiuB.  Also, 
observed  aerosol  concentrations  are  dependant  upon  atmospheric  stability  which  influences 
tholr  mixing  and  dispersal  throughout  the  atmospheric  boundary  layer. 

In  addition  to  their  role  in  the  exchange  of  heat,  moisture  and  momentum  between 
ocean  and  atmosphere®,  particles  produced  at  the  sea  surface  are  of  intrinsic  interest 
for  numerous  reasons.  Firstly,  sea-salt  particles  form  a  major  constituent  of  cloud 
condensation  nuclei  and  the  quantity  and  quality  of  such  particles  deposited  on  land  may 
also  be  importent  in  determining  the  physical  and  chemical  characteristics  of  coastal 
soils  and  plants.  Thus,  measurements  of  aerosol  loadings  under  a  variety  of 
meteorological  conditions  are  directly  relevant  to  global  salt  budgets1-0. 

Secondly,  atmospheric  attenuation  of  radiation  at  visible  and  infra-red  wavelengths 
may  be  substantially  affected  by  those  particles11.  Increasing  wind  Bpeeds  over  the 
ocean  surfaca  lead  not  only  to  greuher  numbers  of  particles  but,  also  are  capable  of 
producing  and  dispersing  particles  of  larger  sizes.  Thun,  at  moderate  and  high  wind 
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speeds,  the  combined  surface  area  and  volume  loading  of  the  suspended  material  will  be 
dominated  by  particles  with  radii  beyond  1/um  or  so,  in  contrast  with  continental 
conditions  where,  generally,  these  parameters  are  governed  by  much  smaller  particles. 

Finally,  relationships  between  aerosol  particles  in  the  marine  boundary  layer  and 
satellite-detected  radiances  have  been  explored^  and  suggest  that,  under  specific  condi¬ 
tions,  satellite  images  may  be  used  to  monitor  characteristics  of  the  boundary  layer  such 
as  optical  depth  and  relative  humidity  variations.  The  more  general  problem  of  the 
influence  of  surface-generated  sea-salt  aerosol  upon  remote  sensing  of  the  sea  surface 
characteristics  and  the  atmospheric  boundary  layer  properties  would  benefit  from  more 
detailed  information  regarding  the  production  and  dispersal  of  these  particles. 

2 .  AEROSOL  OBSERVATIONS 

Over  the  past  decade,  an  extensive  series  of  field  investigations  of  atmospheric 
particulates,  with  radii  from  0.08  to  23.5/um,  have  been  conducted  at  the  coastal  site  of 
Ardivachar  Point  on  the  island  of  South  Uist,  off  the  north-west  coaBt  of  Scotland.  The 
site,  whose  position  and  topography  ia  illustrated  in  Figure  1,  faces  the  North  Atlantic 
ocean  across  a  gently-sloping  beach.  A  detailed  description  of  the  equipment  and  field 
site  may  be  found  in  an  earlier  paper!,  together  with  the  comprehensive  analysis  of 
118  days'  data  from  this  site,  gathered  during  2  to  4  week  periods  between  1980  and  1983. 


Figure  1.  The  topography  of  the  Figure  2.  Comparison  of  continental  and 

site  on  South  Uist.  maritime  spectra  averaged  for 

all  1980  and  1981  data'. 

In  this  work,  and  in  subsequent  studies,  sampled  air  masses  were  split  into 
continental  and  maritime  groups  on  the  basis  of  air  trajectory  analysis:  confirmation 
of  the  validity  of  this  synoptic  method  of  air  mass  characterisation  was  provided  by  a 
supplementary  technique  involving  the  measurement  of  radon  daughter  product 
concentrations^!'!^.  Spectral  number  distributions  from  the  earlier  work,  averaged 
separately  over  the  entire  maritime  and  continental  air  mass  sampling  periods,  are 
presented  in  Figure  2.  The  mean  meteorological  conditions  were  broadly  similar  for  the 
two  air  mass  categories,  as  were  the  overall  aerosol  loadings,  but  the  spectral  shapes 
are  clearly  distinct.  The  data  for  the  continental  air  approximates  closely  to  the 
Junge  r“!  power  law,  as  Illustrated  in  the  figure,  In  the  maritime  case,  the  concen¬ 
tration  of  the  smaller  particles  is  greatly  reduced  whilst  substantially  greater  numbers 
are  present  at  larger  sizes.  Thus,  the  maritime  aerosol  may  be  regarded  as  a  distribu¬ 
tion  in  which  the  continental  component  has  been  uniformly  depleted  by  loss  mechanism, 
but  to  which  a  component  of  sea  surface  origin  has  been  added. 

Very  little  marine  aerosol  data  has  been  collected  at  high  wind  speeds,  to  the 
extent  that  the  quantity  of  sea  salt  in  the  atmosphere  at  wind  speeds  greater  than 
15  ms-1  is  not  known  with  any  certainty.  However,  Meteorological  Office  data  for  the 
period  1960  to  1980  show  that  wind  speeds  greater  than  this  value  are  far  from  uncommon 
over  both  the  North  and  South  Atlantic  Oceans,  and  that  hurricane-force  winds  may  occur 
during  any  month.  The  earlier  South  Uist  investigations  suggested  that  the  rate  of 
increase  of  aerosol  with  wind  speed  decreased  markedly  above  14  ms-!,  and  remained 
approximately  level  up  to  the  upper  limit  of  the  data  set  at  19  ms-!.  Unfortunately,  the 
comparative  scarcity  of  data  at  these  higher  wind  speeds  left  room  for  speculation  and 
other  workers  have  suggested  wind  speeds  ranging  from  12  to  15  ms-1  beyond  which  aerosol 
concentrations  might  be  regarded  as  levelling  off!5'16. 

During  1986,  two  further  field  studies  were  conducted  at  Ardivachar  Point  utilising 
a  similar,  though  not  identical,  experimental  arrangement.  Once  again,  aerosol  size 
distributions,  over  the  radius  range  from  0.08  to  23.5/um,  were  measured  by  means  of 
Particle  Measuring  Systems  (PMS)  instruments,  consisting  of  an  ASASP-300  and  an  FSSP-100, 
togethsr  with  basic  meteorological  parameters.  These  aerosol  probes,  kept  pointing  into 
wind  by  an  automatic  wind  vane  and  servo  system,  were  mounted  on  a  10  m  tower,  placed  at 
the  top  of  the  weat-facing  beach,  and  were  approximately  14  m  above  mean  sea  level.  The 
earlier  investigations  had  demonstrated  that  such  measurements  were  representative  of 
open  ocean  conditions  for  maritime  air  masses,  with  generally  insignificant  influence 
upon  the  aerosol  measurements  at  this  height  from  the  usually  weakly-developed  surf 
zone! 7 t 
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The  first  of  these  investigations*®,  conducted  during  March,  was  characterised  by  a 
depression  which  formed  in  the  North  Atlantic,  deepened  rapidly  and  passed  directly  over 
the  site,  giving  rise  to  local  wind  speeds  gusting  beyond  40  ms-*.  Site  wind  speeds  had 
increased  steadily  as  the  cyclone  approached,  reaching  a  maximum  of  about  30  ms-*  from 
the  south  before  reducing  to  around  9  ms-1  as  the  'eye'  of  the  cyclone  passed  over.  As 
this  'eye'  moved  on,  the  wind  direction  switched  abruptly  to  the  north-west  and  its  speed 
rose  rapidly  over  the  next  few  minutes,  until  it  was  gusting  to  about  44  ms-*.  Although 
the  violence  of  this  storm  caused  power  failures  throughout  the  islands  and,  indeed,  came 
close  to  destroying  the  measuring  equipment,  valid  data  was  gathered  for  some  portions  of 
the  high  wind  speed  episode,  thereby  substantially  extending  the  data  set  to  wind  speeds 
greater  than  30  ms“*. 

During  the  second  investigation,  in  August  1986,  there  was  a  period  at  the  beginning 
of  the  study  when  the  wind  speed  remained  below  7  ms-*  for  several  days.  The  Beaufort 
sea  state  throughout  this  period  was  1  or  2,  with  little  or  no  whitecapping  beyond  the 

surf  zone.  This  period  was  characterised  by  very  low  particle  counts  for  all  size  cate¬ 

gories  and  by  extremely  good  visibilities,  with  islands  situated  up  to  80  km  away  being 
clearly  observed.  Under  such  anticyclonic  conditions,  with  slack  air  and  low  wind 
speeds,  air  mass  trajectory  analgia  becomes  very  uncertain  and  site  wind  direction  is 

generally  a  better  indicator  of  the  maritime  or  continental  nature  of  tha  air  mass.  The 

validity  of  partitioning  the  data  set  on  this  basis  was  again  verified  by  the  radon 
counting  technique  (see  Table  1).  Toward  the  end  of  this  study,  wind  speeds  rose 
steadily  under  the  influence  of  an  approaching  depression,  overlapping  the  observations 
recorded  during  the  previous  study. 


Table  1. 

Radon  Data  for  Autumn 

1986 

Date 

Time 

Radon  Count 

Wind 

Direction 

GMT 

pCm"® 

°T 

16.8 

1010 

5.53 

_ 

16.8 

1510 

13.60 

— 

17.8 

1110 

5.39 

— 

17.8 

1525 

3.24 

334 

18.8 

0915 

5.40 

298 

18.8 

1610 

1.58 

279 

19.8 

0915 

12.27 

20 

19.8 

1500 

10.31 

68 

20.8 

0850 

1.70 

44 

20.8 

1600 

0.55 

328 

21.8 

0926 

1.41 

58 

21.8 

1430 

1.84 

50 

22.8 

0945 

7.45 

46 

22.8 

1520 

7.37 

38 

23.8 

0915 

7.45 

16 

23.8 

1545 

7.79 

351 

24.8 

0925 

3.75 

54 

24.8 

1410 

2.72 

8 

26.8 

2015 

8.65 

359 

27.8 

0900 

6.69 

1 

27.8 

1530 

3.14 

352 

27.8 

2025 

3.03 

35  2 

28.8 

0825 

1.31 

8 

28.8 

1440 

4.19 

351 

28.8 

2000 

2.00 

339 

30.8 

0825 

3.79 

349 

31.8 

0920 

1.40 

211 

31.8 

1430 

0.58 

198 

31.8 

2000 

3.22 

273 

1.9 

0815 

1.96 

258 

3.  DATA  ANALYSIS 

3.1  Aerosol  sampling  instruments.  There  are  several  difficulties  with  data  from  PMS 
probes  which  must  be  considered  if  the  introduction  of  errors  Into  the  data  analysis  is 
to  be  avoided.  The  problem  of  non-isotropic  sampling  was  dealt  with  during  data  collec¬ 
tion  by  keeping  the  probes  oriented  into  wind.  The  problem  of  non-isokinetic  sampling 
has  been  examined*®  and  the  results  show  that  the  volume  sampling  rate  approximately 
doubles  when  the  wind  speed  equals  the  static  ventilation  rate  of  each  Instrument. 

The  volume  sampling  rate  of  each  instrument  was  corrected  for  wind  speed  effects, 
accordingly,  in  the  data  analysis  presented  herein. 

The  third  difficulty  with  these  devices  is  their  multi-valued  response  for  water 
droplets  around  1/um  in  size2®.  One  solution  is  to  add  the  data  into  size  bands  which 
contain  sufficient  numbers  of  the  original  data  channels  to  effectively  smooth  the 
discontinuities.  A  similar  technique  was  applied  in  the  analysis  of  the  variation  of 
aerosol  loading  with  wind  speed,  presented  in  this  paper,  where  the  data  are  grouped  into 
size  bands  as  shown  in  Table  2. 
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Table  2.  Grouping  of  Aerosol  Data  into  Size  Bands 


Size  Band 

Radius  Range 

Probe 

Ranges 

Channels 

<  /urn) 

1 

0.09  -  0.125 

AS  ASP 

3 

4-10 

2 

0.125-  0.25 

AS  ASP 

2 

2-11 

3 

11  -  15 

3 

0.25  -  0.5 

AS  ASP 

1 

5-15 

4 

0.5  -  1 

FSSP 

3 

2-3 

5 

1  -  2 

PSSP 

2 

2-3 

3 

4-7 

6 

2  -  4 

FSSP 

1 

2-3 

2 

4-7 

3 

8-15 

7 

4  -  8 

PSSP 

0 

3-5 

1 

4-7 

2 

8-15 

8 

8  -  16 

FSSP 

0 

6-10 

1 

8-15 

9 

16  -  23.5 

FSSP 

0 

11  -  15 

3.2  variation  of  aerosol  loadings  with  wind  speed,  in  order  to  demonstrate  the 
influence  of  wind  speed  on  different  sizes  of  particulates,  the  data  were  grouped  into 
wind  speed  bins  1  ms~i  wide,  and  the  averaged  value  of  the  concentration  for  each  bir. 
plotted.  Only  maritime  data  were  included  in  this  analysis,  selected  on  the  basis  of  the 
wind  direction  being  between  190*  and  300*.  Graphs  of  particle  concentration  against 
wind  speed  are  shown  in  Figure  3  for  selected  size  bands.  A  typical  range  bar  -  one 
standard  deviation  long  -  is  drawn  for  each  size  band:  their  extent  is  indicative  not  so 
much  of  errors  in  the  experimental  observations,  but  rather  of  the  larger  number  of 
influences  other  than  wind  speed  which  affect  the  marine  aerosol  concentrations .  It  is 
interesting  to  note  that,  for  particle  above  4/um  radius,  the  increase  in  concentration 
does  not  level  off  at  wind  speeds  of  about  12  or  IS  ms"1  Indeed,  for  the  largest  size 
category,  as  the  wind  speed  increases  from  15  to  34  ms-*-,  the  concentration  Increases  by 
a  factor  of  about  4. 

Table  3  presents  relationships,  derived 
by  means  of  a  simple  weighted  least-squares 
fitting  procedure,  showing  the  variation  of 
both  number  concentration  and  particular 
volumetric  loading  with  wind  speed,  for  each 
of  the  size  categories  listed  in  Table  1, 

The  smallest  particles  exhibit  the  least 
significant  relationship  with  wind  speed, 
which  is  reasonable  given  that  the  major 
source  of  them  is  often  other  than  sea 
surface  bubble  bursting.  Of  the  other 
size  ranges,  concentration  of  particles 
from  1  to  4/um  radius  Bhow  less  significant 
relationships  with  wind  speed.  This  response 
is  unlikely  to  be  a  result  of  the  multivalued 
response  mentioned  above,  as  the  data  bins 
are  large  enough  to  integrate  across  this 
region.  It  is  possibly  due  to  those  size 
bands  falling  between  the  two  types  of  marine 
aerosol  droplet  -  film  drops  and  jet  drops. 

The  exact  position  of  tha  divide  ts  undeter¬ 
mined  and  possibly  varies;  results  from  s  laboratory  model  breaking  wave  suggest  film 
drops,  although  decreasing  rapidly  in  number  from  the  peak  at  sub-micrometre  sizes, 
remain  in  the  majority  until  about  7/um  radius,  with  jet  drops  providing  an  increasing 
proporition  of  the  aerosol  at  larger  Bizes^l.  Analysis  of  field  data22  puts  the  tran¬ 
sition  at  about  1/um  radius,  whilst  other  workers  suggest  that  at  80  per  cent  relative 
humidity,  2/um  radiuB  is  more  likeiy23. 

Table  3.  Linear  Regression  Coefficients  of  Aerosol  Concentration 
and  Volumetric  Loadings  on  Wind  Speed 


Size  Band 

Coefficients 

Coefficients 

(Name) 

(Concentration ) 

(Volume ) 

a 

b 

r 

c 

d 

1 

0.0285 

1.7524 

0.40 

0.0759 

-1.5429 

0.51 

2 

0.0404 

1.1918 

0.79 

0.0946 

-1.3134 

0.80 

3 

0.0995 

-0,3433 

0.87 

0.2265 

-4.0905 

0.89 

4 

0.0442 

-0.2660 

0.77 

0.0978 

0.3225 

0.76 

5 

0.0112 

■0.3697 

0.58 

0.0431 

1.6160 

0.65 

6 

0.0264 

-0.6125 

0.63 

0.0604 

3.1247 

0.62 

7 

0.0456 

-1.6829 

0.81 

0.1288 

2.3273 

0.86 

8 

0.1293 

-3.3681 

0.95 

0.3339 

0.4689 

0.95 

9 

0.1688 

-4.8236 

0.94 

0.3836 

-0.7404 

0.94 

Login  concentration 

■a  *  wind  speed  +  b , 

with  correlation 

coefficient 

rj 

volume  “  c 

•wind  speed  +  d. 

,  with 

correlation  coefficient  r. 

Figure  3.  The  increase  in  particle 
concentration  with  wind- 
speed  ff  for  size  bands 
as  listed  in  Table  1. 
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In  order  to  compare  these  data  with  the  earlier  studies  at  this  site,  the  data  were 
converted  into  the  same  format,  that  is,  into  averaged  volumetric  aerosol  loadings  versus 
wind  speed.  The  results  are  shown  in  Figure  4  for  particles  size  ranges  labelled  'large' 
and  'ultra-large'  in  the  earlier  paper.  It  may  be  noted  from  a  comparison  of  Figure  4 
with  Figure  3  that  the  volumetric  increase  with  wind  speed  is  greater  than  the  concen¬ 
tration  increase;  this  is  due  to  the  proportionate  increase  in  the  concentration  of  the 
larger  particles. 

The  two  data  sets  show  good  general  agreement  in  the  region  of  overlap,  with  the 
1986  data  set  considerably  extending  the  previous  published  data.  The  major  discrepancy 
is  for  the  'ultra-large'  particles  at  very  low  wind  speeds.  Most  of  these  data  belong  to 
the  anticyclonic  period  in  the  summer  of  1986,  described  earlier,  when  the  sea  state 
remained  at  or  below  2  for  several  days.  In  such  conditions,  no  relationship  between 
wind  speed  and  particle  concentration  of  this  size  is  to  be  expected,  since  there  will 
have  been  virtually  no  sea-surface  production.  The  residual  concentration  will  thus 
depend  upon  the  particles'  fall-out  times  and  the  time  elapsed  since  significant  amounts 
of  whitecapping  occurred.  The  'large'  particles  show  less  of  a  discrepancy  here,  but  in 
anticyclonic  conditions  are  probably  suffering  some  land  influence. 


Figure  4.  Volumetric  aerosol  loadings  V  as  a  function  of  wind  speed  ff.  The  open 

triangles  are  data  from  Gxton  et  al ^ ,  the  closed  squares  are  data  from  South 
Oist,  1986.  Particle  sizes  (a)  0.3  <  r  <  8/um  (b)  8  <  r  <  16/um. 

There  is  some  suggestion  of  a  levelling  off  towards  the  extreme  high  wind  speed  end 
of  the  data  set,  but  this  is  likely  to  be  an  artefact  cf  the  data;  the  highest  wind 
speeds  are  only  measured  for  a  short  period  of  time,  and  so  equilibrium  conditions  for 
that  wind  speed  are  leas  likely  to  become  established.  Also,  lower  wind  speeds  can  occur 
when  the  sea  state  is  determined  by  previous,  higher  wind  speeds,  which  will  increase  the 
averaged  concentration  at  those  values . 

3.3  Changes  in  aerosol  spectral  distribution  with  wind  speed.  in  order  to  demonstrate 
the  influence  of  wind  speed  upon  aerosol  spectral  shape,  the  aerosol  particle  counts  were 
grouped  into  1  ma’1  wind  speed  bands,  in  a  similar  manner  to  the  analysis  in  the  previous 
section  but,  in  this  case,  the  counts  were  summed  for  each  PMS  instrument  range  and 
channel.  Selected  wind  speeds  from  the  data  for  South  Uist  are  presented  in  Figure  5. 


Generally,  no  consistent  changes  are 
apparent  for  particles  smaller  than  about 
1 /um  radius,  as  might  be  expected  since 
tnese  particles  are  not  predominantly  of  sea 
surface  origin.  However,  for  the  larger 
particles,  substantial  increases  in  concen¬ 
tration  with  wind  spaed  may  be  noted,  with  a 
'hump'  appearing  in  the  spectrum  at  around 
10/um  radius  at  the  higher  wind  velocities. 

Observations  made  from  a  ship  in  the  North 
Sea  during  the  HUXOS  project  indicate  that, 
whilst  the  ship  was  in  shallow  water  (about 
18  m  depth),  this  'hump'  was  even  more 
pronounced  than  in  the  South  Uist  measure¬ 
ments,  but  was  significantly  less  evident 
when  observations  were  made  in  deeper  water 
(about  40  m  depth  ) . 

3.4  Aerosol  concentration  response  at  low 
wind  speeds.  The  low  wind  upeed  period 
encountered  during  August,  and  shown  in 
Figure  6,  was  examined  thoroughly  in  the  hope 

it  might  yield  information  on  particle  loss  rateB,  and  to  provide  some  estimate  of  the 
true  very  low  wind  speed  background  particle  count  at  the  South  Uist  site.  However, 
before  the  decay  in  the  particle  concentrations  over  the  period  could  be  investigated, 
perturbations  within  the  data  set  had  to  be  removed.  Brief  episodes  of  continental 
influence  resulting  from  changes  in  wind  direction  showed  up  very  clearly  as  pronounced 
increases  in  concentrations  over  the  smaller  particle  size  bands.  Also,  a  short  period 
of  heavy  precipitation  provided  a  sharp  peak  in  the  temporal  trace  of  large  particle 
concentration  plots  indicate  a  consistent  decrease  in  concentration  with  time  during  the 
low  wind  period,  as  shown  for  the  2-4/um  radius  band  in  Figure  7. 
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W 


Figure  6.  Wind  speed  against  time 
elapsed  T  for  low  wind 
episode. 


Figure  7.  Decay  of  particle 

concentration  C  <2-4/um  band) 
with  elapsed  time  T. 


Exponential  decay  expressions  of  the  form 

C  -  Ct«0  exp< -t/T)  (1) 

where  t  and  T  are  the  elapsed  time  and  the  time  constant,  respectively,  and  C  is  the 
hourly-averaged  aerosol  concentration  were  fitted  to  both  the  first  maritime  period  only 
(over  approximately  the  first  36  hours)  and  to  all  the  maritime  data  within  the  low  wind 
speed  episode.  The  results  of  this  analysis  are  presented  in  table  4  and  demonstrate 
that  the  smallest  particle  concentrations  show  no  significant  trend,  as  might  be  expected 
since  they  are  likely  to  be  still  being  generated  from  sources  other  than  the  sea 
surface.  The  1-2/um  particle  concentrations  also  show  no  significant  trend  and  the  poor 
fits  for  these  particles  may  be  instrumental.  Particles  of  radius  greater  than  2/um  have 
better  fits  when  the  short  data  sets  are  uBed,  whilst,  for  the  0.25  to  1/um  particles, 
better  fits  are  obtained  with  the  extended  data  set.  These  findings  seem  reasonable  as 
the  smaller  particles  have  longer  residence  times. 

Table  4.  Exponential  Fit  Parameters 


FIRST 

MARITIME 

DATA 

ALL 

MARITIME  DATA 

Size  Band 

T 

cone 

cc 

T 

cone 

cc 

/urn  radius 

hours 

<t-0) 

hours 

( t*0 ) 

0.09  -  0.125 

-137.5 

9.400 

0.22 

235.8 

11.70 

-0.22 

0.25  0.5 

391.5 

1.018 

-0.10 

47.03 

1.515 

-0.67 

0.5  -  1 

50.29 

1.115 

-0.71 

36.63 

1.325 

-0.84 

1  -  2 

1063.29 

0.360 

-0.18 

4811.4 

0.357 

-0.04 

2  -4 

39.4 

0.236 

-0.84 

40.00 

0.241 

-0.82 

4  -  8 

31.13 

0.027 

-0.85 

35.12 

0.026 

-0.80 

8  -16 

17.42 

1.32E-3 

-0.70 

35.43 

8.61E-4 

-0.60 

4 .  ATMOSPHERIC  EXTINCTION 

The  extinction  of  electromagnetic  radiation  by  aerosol  particulates  may  be  readily 
calculated  by  means  of  the  expression 

E  -  n  £*u  r  Q(r,X)  n<r)  r2  (2) 


where  E  io  the  atmospheric  extinction,  n(r)  is  the  concentration  of  particles  of  radius  r 
and  Q'r,X)  is  the  extinction  efficiency  (or  cross-section)  for  a  particle  of  radius  r  at 
wavelength  X.  Similarly,  the  scattering  or  absorption  due  to  the  presence  of  aerosol 
particles  may  be  determined  by  substituting  appropriate  Mie  efficiency  factors  in 
Eq ( 2 )  . 


Calculation  of  atmospheric  extinctions  in  this  manner  is  inhibited  by  the  substan¬ 
tial  computational  effort  required  to  obtain  the  relevant  Mie  efficiencies  for  each 
particle  size  and  wavelength  of  light.  In  order  to  facilitate  such  calculations,  tables 
of  computed  efficiency  factors  were  produced  by  means  of  available  algorithms^  for  the 
particle  radii  measured  by  the  PMS  probes,  at  a  wide  range  of  wavelengths  and  refractive 
indices.  The  efficiency  factors  were  calculated  for  the  centre  values  of  each  of  the  PMS 
channels,  on  the  assumption  that  such  values  are  representative  of  the  full  probe 
channel.  Limited  tests  suggest  that  this  approach  was  adequate  for  the  purposes  of  this 
investigation. 
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The  composition  of  aerosol  particles  in  the  maritime  environment  might  be  expected 
to  result  in  a  refractive  index,  at  a  given  wavelength,  somewhere  between  that  of  sea 
salt  and  water,  with  its  exact  value  dependent  upon  the  relative  proportions  of  these  two 
constituents  and,  hence,  upon  the  relative  humidity2^.  For  the  South  Uist  data,  a  rela¬ 
tive  humidity  of  80  per  cent  was  assumed  and  Mie  efficiency  factors  were  calculated 
accordingly. 

Values  of  atmospheric  extinction  at  various  wavelengths  from  0.2  to  40 /urn  were 
derived  using  Equation  (2)  for  the  particle  size  distributions  in  each  of  tne  1  ms'1  wide 
wind  speed  bands.  There  is  considerable  overlap  between  the  various  probe  ranges  and,  as 
mentioned  previously,  the  probes  exhibit  a  multi-valued  response  characteristic  for 
particles  of  radius  of  about  l/um.  In  general,  range  0  of  the  ASASP  is  better  avoided 
completely,  whilst  the  lowest  channels  in  each  range  should  be  omitted  as  they  are 
susceptible  to  electrical  noise.  Experience  indicates  that  the  rangeB  and  channels 
listed  in  Table  5  provide  a  wide  range  of  particle  sizes  with  no  overlap  and  little 
distortion . 


Table  5.  PMS  Probe  Data  used  in  Calculations  of  Extinction  Coefficients 


Probe  Range  Channels  Particle  Radii 

(/um) 


ASASP 

3 

4-15 

0.09 

-  0.15 

2 

4-10 

0.15 

-  0.24 

1 

3-15 

0.24 

-  0.5 

FSSP 

3 

2-15 

0.5 

-  4 

1 

4-15 

4 

-  16 

0 

11  -  15 

16 

-23.5 

The  results  of  these  calculations  of  the  atmospheric  extinction  due  to  maritime 
aerosol  particles  within  the  0.09  to  23.5/um  radius  band  are  presented  in  Figure  8,  and 
it  is  immediately  apparent  that  there  is  generally  little  variation  in  extinction  with 
wavelength  at  all  but  the  lowest  wind  speeds.  Thsse  findings  are  in  marked  contrast  to 
the  continental  aerojol  case,  when  atmospheric  extinction  is  generally  dominated  by  the 
smaller  aerosol  particles  with  radii  around  0.1/um.  In  these  circumstances,  atmospheric 
visibility  will  be  strongly  dependent  upon  wavelength  and  may  vary  by  more  than  an  ordar 
of  magnitude  over  the  range  of  wavelengths  considered,  with  substantially  lower  extinc¬ 
tion  coefficients  being  observed  at  the  longer  wavelengths. 


Atmospheric  extinction  of  electro¬ 
magnetic  radiation  is  dependent  upon  the 
total  cross-sectional  area  of  the  particles, 
these  will  come  to  dominate  the  total  cross- 
sectional  area.  The  extinction  efficiency  of 
particles  tends  to  a  constant  value  of  two  as 
the  particle  size  increases  and,  thus,  in  the 
maritime  environment  under  moderate  or  strong 
wind  conditions,  atmospheric  extinction  will 
be  dominated  by  particles  with  radii  of  1/um 
or  greater;  and  extinction  coefficients  will 
be  similar  for  all  visible  and  infra-red 
wavelengths . 

In  this  situation,  especially  for  the 
highest  wind  conditions,  particles  larger 
than  those  measured  by  the  FSSP-100  (that  is, 
larger  than  23.5/um  radius)  may  contribute  a 
major,  or  even  dominant,  fraction  of  the 
total  aerosol  extinction,  even  though  present 
in  relatively  small  numbers.  Thus,  in  order 

to  calculate  extinction  coefficients  to  a  greater  degree  of  accuracy,  some  estimate 
should  be  made  of  the  concentrations  of  these  larger  aerosol  particles  for  the  highest 
wind  speeds  (beyond  about  IS  or  20  ms-1). 

5.  COMPARISON  OF  LOWTRPN  CALCULATED  EXTINCTION  WITH  MEASURED  AEROSOL  EXTINCTION 

The  aerosol  extinction  was  calculated  using  LOWTRAN6  Maritime  Aerosol  Model.  The 
following  inputs  to  LOWTRAN  were  used; 

Pressure  -  1000  millibars 

Relative  Humidity  -  80% 

Temperature  -  10  *C 

Wind  Speed  -  0,  10,  20,  25,  27,  30,  33MS-1 

Average  Wind  Spetd  was  taken  as  the  instantaneous  wind  speed 


Figure  8.  Atmospheric  extinction  E  due 
to  aerosol  particles  against 
wavelength  X  for  selected 
wind  speeds  (ms-1). 
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10 

>20 

20 

20 
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27 
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30 
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33 

5.0 

Precipitation  -  None 
Air  Mass  No  -  1 

LOWTRANS  appears  to  assume  that  above  a  wind  speed  of  20  ms"1  there  is  no  further 
increase  in  wind  driven  aerosol  with  increase  in  wind  speed.  The  data  from  South  Uist 
suggests  that  there  are  considerable  increases  in  aerosol  loadings  with  wind  speed  above 
20  ms-1.  In  order  to  carry  out  a  comparison  of  measured  aerosol  extinction  versus 
LOWTRAN  calculated  extinction  at  the  higher  wind  speeds  the  restriction  on  wind  speeds 
above  20  ms"!  was  removed  from  the  LOWTRAN  program. 


Wavelength  (  microns  ) 


Figure  9.  Lowtran  calculated  extinction  for  various  wind  speeds 
in  ms“l,  Air  Mass  No  -  1 

The  LOWTRAN  calculated  extinction  versus  wavelength  for  various  wind  speeds  up  to 
33  ms't.  Can  be  seen  in  Figure  9.  A  direct  comparison  of  the  measured  versus  calculated 
extinction  for  wind  speeds  up  to  20  ms~i  is  shown  in  Figure  10. 


Figure  10.  Comparison  of  the  measured  versus  calculated  extinction 
for  wind  speeds  up  to  20  ms-l 

The  measured  aerosol  extinction  at  10  microns  wavelength  is  approximately  a  factor 
of  4  greater  than  the  LOWTRAN  calculated  value,  whereas  at  a  wavelength  of  5  microns  the 
measured  value  of  extinction  is  greater  by  a  factor  2  than  the  calculated  extinction. 
These  differences  in  the  values  of  extinction  are  not  too  surprising  since  the  absolute 
calibration  of  this  type  of  aerosol  counting  instrument  is  very  difficult  to  achieve. 
What  is  more  difficult  to  explain  is  the  difference  in  the  variation  of  extinction  with 
wavelength.  In  the  LOWTRAN  calculations  there  is  a  considerable  drop  in  extinction  from 
very  small  wavelength  s  up  to  a  wavelength  of  10  microns,  wh'  reas  there  iB  little 
variation  in  measured  extinction  in  this  region. 


Figure  XI.  LOWTRAN  calculated  extinction  for  Air  Mass  Ho  -  9 

In  order  to  test  the  sensitivity  of  the  calculation  to  the  Air  Hass  No  used, 
calculations  were  performed  using  an  Air  Hass  No  of  9.  The  results  are  shown  in 
Figure  11.  The  absolute  value  of  extinction  is  reduced  but  the  variation  of  extinction 
with  wavelength  remains  similar  to  the  results  where  an  Air  Mass  No  of  1  was  used. 

6 .  FUTURE  MEASUREMENTS 

Radon  Concentrations  Over  the  NE  Atlantic  Ocean.  The  UMIST  Atmospheric  Physics 
Research  Group  will  carry  out  a  NERC/MOD  supported  project  on  a  ship  named  the  'Charles 
Darwin'  between  Iceland  and  the  Faroe  Islands  during  October  and  November  of  1989.  The 
investigation  is  concerned  with  measurements  of  the  exchange  of  heat,  momentum  and 
moisture  between  ocean  and  atmosphere  under  various  environmental  conditions.  Also  the 
measurement  of  aerosol  particulate  loadings  and  size  spectra  will  be  undertaken  and  sea- 
air  particle  fluxes  will  be  derived.  These  data  will  be  of  substantially  greater  utility 
to  the  Ministry  of  Defence  if  simultaneous  measurements  of  other  parameters  are  made.  In 
particular  the  predictions  of  the  LOWTRAN  model  will  be  much  more  readily  tested  against 
observations  if  the  air  mass  characteristics  is  assessed,  especially  close  to  Iceland 
where  air  mass  characteristics  are  uncertain.  Consequently  ARE  are  funding  UMIST  to 
extend  this  study  to  include  measurement  of  radon  concentration  to  establish  air  mass 
type. 


Figure  12.  Correlation  of  Radon  Concentration  with  Small  Particulate  Concentration 

Frevioua  studies  in  the  Outer  Hebrides  have  shown  that  radon  concentrations  corre¬ 
late  very  closely  with  both  small  particulate  concentrations  (radii  lesB  than  about 
0.2  microns)  see  Figure  12,  and  continental  influence  as  indicated  by  air  trajectory 
analysis.  Radionuclide  activities  of  less  than  C  pCi/m3  were  associated  with  maritime 
air  masses  with  higher  activities  indicating  proportionately  greater  contributions  from 
continental  sources. 

Similar  observations  to  those  conducted  in  South  Uist  will  be  made  compared  with 
small  aerosol  concentrations  and  air  trajectories  in  order  to  determine  whether 
significant  periods  of  continental  Influence  exist  and,  if  found  there  relationship  to 
the  general  meteorological  situation  established.  Air  mass  characteristics  appropriate 
for  input  to  the  LOWTRAN  model  will  be  derived. 
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7.  CONCLUSIONS 

For  the  first  time  data  have  been  collected  at  surface  wind  speeds  in  excess  of 
30  n.s~l,  which  is  of  interest  as  these  wind  speeds  are  not  uncommon  over  open  oceans. 

When  plotted  with  other  lower  wind  speed  data  sets,  for  non-cyclonic  conditions  at  the 
same  site,  all  data  are  consistent.  Concentrations  of  the  larger  particles  do  not  level 
off  at  wind  speeds  above  15  ms~l,  as  previously  suggested,  but  the  largest  increase  by  a 
factor  of  4  as  wind  speeds  exceed  30  ms~^,  corresponding  to  a  volumetric  increase  of  more 
than  an  order  of  magnitude.  It  should  be  emphasised  that  the  measurement  range  in  these 
South  Uist  experiments  extends  only  as  far  as  23.5/um  radius.  The  spectra  show 
increasingly  more  of  the  largest  particles  measured  with  increasing  wind  speed  indicating 
that  the  quantities  of  aerosol  present  for  sizes  beyond  this  upper  limit  axe  also 
increasing.  Thus,  the  increase  in  volumetric  loading  in  the  size  band  16-23. 5/um  radius 
is  likely  to  be  a  serious  underestimate  of  the  increase  in  total  sea-salt  loading. 

Estimates  of  atmospheric  extinction  for  these  maritime  conditions  at  high  wind 
speeds  show  little  variation  for  wavelengths  from  the  visible  to  the  infra-red  and 
emphasise  the  importance  of  information  on  the  particulate  size  spectrum  in  such 
environments . 

Comparisons  with  LOWTRAN  calculated  extinction  indicated  that  the  L0WTRAN6  maritime 
aerosol  model  apparently  assumes  that  above  a  wind  speed  of  20  nn*1  there  is  no  further 
increase  in  wind  driven  aerosol  with  increase  in  wind  speed.  The  South  Uist  measurements 
indicate  that  this  is  not  the  case  in  practice. 

The  comparisons  show  that  at  a  wavelength  of  10  microns  the  measured  aerosol  extinc¬ 
tion  is  approximately  a  factor  of  4  greater  than  the  LOWTRAN  calculated  value,  whereas  at 
a  wavelength  of  5  uicirons  the  extinction  ia  a  factor  of  2  greater.  The  LOWTRAN  calcula¬ 
tions  predict  a  considerable  drop  in  extinction  from  very  short  wavelengths  up  to 
10  microns,  whereas  there  is  little  variation  in  extinction  in  this  region  calculated 
from  the  aerosol  measurements. 
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DISCUSSION 


J.  B1LBY 

You  msntionsd  that  aerosols  wars  measured  at  South  Uist  over  the  size  range  0.08  -  23.5 
/um.  Since  your  measurements  were  conducted  under  high  wind  opeed  conditions,  I  would 
expect  one  to  find  very  large  droplets  present  (50  -  100  /urn) .  Why  did  you  not  use  the 
PMS  OAP-200  instrument?  Thin  would  have  allowed  you  to  measure  droplet  sizes  from  20 
to  500  /i».  Also,  do  you  plan  to  continue  measurements  of  this  kind? 

AUTHOR'S  REPLY 

I  agree)  it  would  have  been  useful  to  measure  larger  droplet  sizes.  There  are  no  plans 
to  continue  this  work  at  present. 

J.  SELBY  (COMMENT) 

I  would  expaot  the  true  extinction  coefficiente  to  be  higher  than  what  you  measured. 


H.  SHETTLE 

In  doing  the  comparisons  with  ths  LOWTRAN  aerosol  models,  did  you  directly  extract  the 
aerosol  values  from  the  code  or  did  you  carry  out  the  transmission  calculations  for 
observed  conditions  and  subtract  ths  sxpactsd  molecular  contribution  which  would  intro¬ 
duce  more  uncertainty  in  the  aeroaol  component? 

AUTHOR'S  RSPLY 

A  full  LOWTRAN  6  calculation  was  performed  and  the  values  of  aerosol  extinction  ab¬ 
stracted  from  the  output. 
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L' ATMOSPHERE  MARINE  MEDITERR ANBENME 
ET  SES  SFFBTS  SUE  LES  AEROSOLS  KT  LA  TRANSMISSION  INFRAROUGB 


Me  lie  TANGUY  Mireille. -ThAse  CNRS/DCN 
CBSDA  -  Lee  OursiniAres  83220  Le  Pradet  -  FRANCE 


EAsumA  :  L ' expAr imen t a t ion  qua  noue  menons  actuellement  repose  lur  la  va¬ 
lidation  du  code  LOWTRAN6  dans  la  cadre  du  calcul  de  la  transmission  at- 
moaphArique  d'uu  rayonneient  infrarouge  dans  la  couche  limite  marine  en 
milieu  mAditerranAen .  Le  dispositif  op to A 1 ec tr on iquc  implantA  en  bord  de 
ner  se  compose  d'un  trammisi j omAtre  permettant  d'Avaluer  la  transmission 
sur  les  bandes  3pm-5gm  et  8gm~12gm  la  long  d'un  trajet  horizontal  de  8  km 
A  une  altitude  de  40  mdtres  au  dessun  de  la  mar.  Afin  de  mettre  en  Avi- 
dence  des  corrAlations  possibles  antra  las  diffArents  phAnomAnes,  une 
station  mA t Aor ol og ique  automatiquo  et  une  sonde  optique  CSASP-100-HV 
fonctionnent  en  parallAla.  En  complAment  ,  une  Atude  du  comportement  de 
la  deneitA  en  aArosols  en  fonction  de  la  localisation  de  la  mure  et  des 
conditions  mA t Aoro 1 og iquc s  a  AtA  entreprise  A  bord  du  batimentu  de  la  Ma¬ 
rine  nationals  francaise. 


I  -  INTRODUCTION. 

L'Avolution  de  la  Transmission  atmosphAr ique  dApend  d'uu  grand  nombre 
de  facteurs  tels  que  sa  composition  molAculaire  et  par t i cu 1  air e ,  les  con¬ 
ditions  climatiques  et  la  nature  de  1' onde  ella-mAme. 

Depuie  de  nombreuses  annAes,  des  Aquipss  de  chercheurs  Alaborent  et 
amAliorent  des  mod A 1 isa t ions  du  calcul  da  transmission  a tmosphA rlquc . 
C'sst  Is  cus  du  code  LOWTKAN,  amorcA  en  1971  per  le  groupe  AFGL,  dont  la 
6Ama  version' 1 1  propose  un  modAle  d'aArosols,  la  NAVY  MARITIME,  lequel 
est  susceptible  d'Avoluer  auivent  les  paramAtres  mA t Aor o log ique b  comma  la 
vitessa  du  vent,  1 ' hygromAtr ie ,  le  coefficient  de  masse  d'air. 

Ce  modAle  a  AtA  mis  au  point  A  partir  de  mesures  effectuAes  en  rA- 
gions  tropicalea,  Aquatoriales  et  subarctiques.  La  finalitA  de  1 ' Atude 
que  nous  poursuivons  au  Centre  CESDA  de  la  DCN  A  Toulon  (France)  entre 
dans  le  cadre  das  travaux  sur  la  prAdiction  de  portAe  des  aystAmea  de  dA- 
tection  infrarouge  et  consist®  A  valider  le  Code  Lowtran6  dans  la  css 
d 1  une  atmoaphAre  marine  de  type  m<iditerr*n4ea. 

L'intAret  du  choix  du  domaine  spectrale  infrarouge  ,  en  particulier 
lea  bandea  3g*-5g*  et  8gm-12pm,  roate  stratAgique  et  provient  du  caractA- 
re  pasaif  et  rAalianble  de  jour  comme  de  nuit  de  la  dAtection  dana  cette 
game  de  longueurs  d'onde. 


II  -  DISPOSITIF  EXPERIMENTAL. 

A  -  LB  TRANSMISS IOMBTRE . 

Un  systAme  op t o A lec t r onique  appartenant  au  CELAR ,  appelA  Transmiesio- 
wAtre,  mis  au  point  en  laboratoire  par  1 ' ONER A ,  a  AtA  implantA  en  site 
rAel  sur  la  c6  te  mAditerranAenne  en  K ad «  de  TOULON. 
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La  transmission  atmosphir ique  large  bande  itudiie  est  obtenue  par  as¬ 
sure  dif firentielle  grice  4  deux  corps  noirs  chauffia  4  1000  K,  dont 
l'un,  da  aetura,  est  plac4  au  CERTBL  et  le  second,  de  rifirenee,  4  une 
distance  de  8  Km. 

Un  enanable  d'optiquea  collimate  le  rayonneaent  4  une  altitude  cons¬ 
tants  de  40  mitres  au  dassus  du  niveau  da  la  :isr  jusqu'4  une  pupille  de 
reception.  L4 ,  un  telescope  localise  le  faisceau  vara  un  ditecteur  qui 
f u t  dans  un  premier  temps  pyroilectrique  et  sera  rempluci  par  un  d$tec- 
teur  quantlque.  Une  ddtection  synchrone  est  utilisie  afin  de  s'affrnnchir 
des  flux  parasites  ambiants. 

Un  plateau  tournant  comportant  aix  filtras  permet  de  silectionner 
succaasivament  las  six  bandes  apactrales  suivantes: 

-  3pm-4,lpm  3pm-5pm  3,4pm-5pm 

-  8pm-10pm  8pm -11pm  8pm-12pm 

Pour  cheque  filtre,  un  miroir  escamotablr  permet  al ter na t i vemen t  de 
aesurer  la  rayozinement  source  et  le  rayonneaent  de  r4f4rence. 

Un  programme  ilabori  sur  le  microordinatuur  HP  9310  opire  sutomati- 
quement  la  gestion  de  commande  des  diffirenta  appareila  requia  pour  une 
meeure  ainsi  qua  1 ' acquiaition ,  la  treiteaent  at  l'archivage  dee  donniee. 

Le  choix  initial  d'un  dltecteur  pyroilectrique  provient  du  programme 
opaqub  de  meaure  de  la  t ranami a  a  ion  atmosphir ique  aur  courta  diatance 
(500  adtrea)  dene  le  cadre  du  groupa  OTAN  panel  IV  RSGB .  Cat  appareil 
a'eet  av4r4  inadapti  4  la  configuration  en  aits  rial  pour  une  diatance  da 
8  Km,  an  particulier  pour  lea  assures  de  transmission  sur  la  bande  8pm- 
12pm,  le  rapport  algnel  sur  bruit  aa  trouvant  Itre  proche  da  1 'unity  lora 
de  conditions  mk tiorologigues  d4 f a vor abl a  a . 

L' implantation  d'un  ddtecteur  quantlque  de  meilleure  detectivity  a 
done  4t4  dicidi,  male  rencontre  quelquea  difficulty  de  mise  en  place. 
C'est  pourquoi  un  nombre  limity  de  nesurea  de  transmission  a  pu  itre  ef- 
fectui  juaqu'4  prdient, 


B  -  LA  STATION  HBTBOROLOGIQUB . 

Lea  paramitres  mi t y or ol og ique a  tela  que  : 

-  la  vitessa  du  vent  inatantani 

-  la  direction  du  vent 

-  la  tempirature  de  1'air  sec 

-  la  tempirature  de  1'air  humlde 

-  la  preaaion  atmoaphirique 

sont  meauria  4  l'aide  de  capteurs  extirieura 

Lea  aignaux  corraspondanta  aont  numirisis  grice  4  une  utstion  mitio- 
rologique  automatique  PULSONIC  800  at  tranmi*  par  interface  RS232  au  mi~ 
croordinateur  HP  9310. 
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C  -  LA  SONDE  GRANULOHETRIQUE. 

D'liUtie  part,  das  mesures  de  granulometric  an  aerosols  marinj  tont 
r e  a  1 i aA  e#  au  moyen  d'un  compteur  de  particules  CSASP  100  HV  de  type  Knol- 
lenberg  de  P.H.S.  Cette  sonde  fonctionne  selon  le  principe  d»  diffusion 
par  una  particule  d'un  faisceau  laser  HeNe.  La  gamine  de  mesure  e'Atend  i 
das  diamAtres  compris  entre  0,5  et  47  urn. 

La  sonde  est  reliAe  A  une  centrals  d 1  acquisition  PDS  300  qui  analyse, 
et  classe  lea  donates  de  la  sonde  grice  4  son  calculateur.  L1 option  choi 
sie  parmi  sept  dispcnibles  est  la  representation  de  la  densltt  en  eAro- 
sols  par  unltt  dc  volume  et  par  largeur  de  classe  en  fonction  <Ju  diam»tre 
des  particules  presentee  sur  le  site.  Le  rAsultat  des  calculi  du  PC'S  300 
est  ensuite  transmls  au  HP  9310  pour  y  Atre  atockA. 


Ill  -  EXPLOITATION  DBS  PREMIERS  RESULTATS . 

La  rose  des  vents  (figure  n*l)  met  en  evidence  deux  directions  privi- 
lAgiAee  :  un  vent  de  VNN  appelt  plum  communAm  mt  MISTRAL  et  un  vent  d'Est 
gui  gAnAralement  apporte  la  pluie  sur  lea  rtjions  m£diterran6ennes . 

Las  histogrammas  das  figures  n*1 2  at  3  mettent  en  avant  lea  propriA- 
tta  des  vents  propres  au  milieu  mAd i t er ranAen . 

En  effet,  las  vants  d'Est  et  NE  se  formant  lor s  d'une  depression  dans 
le  Golfs  de  Genes,  sont  porteurs  en  gAn6ral  d'une  atmosphere  chargee  en 
humidite,  de  pour  les  vents  de  Sud  d'origine  plelnement  marine.  Par 

contra,  la  Mistral,  descendant  de  la  vallAe  du  RhOne  et  resultant  de 
1 ' anticyclone  des  Agora*,  est  plus  sec  et  tend  A  chasser  brumes  et 
brouillarda,  comma  on  peut  l'observer  par  la  moyenne  de  viaibilite  ren¬ 
contres  pour  cas  aecteura  de  vent  (figure  n*3). 

Il  est  done  fort  possible  qua  le  taux  de  transmission  a tmosphe rique 
soit  affacte  par  l'origine  daa  different*  vents  comma  semble  le  montrer 
la  figure  n*4  ,  oO  les  valeurs  les  plus  fortes  de  transmission  dans  la 
binds  3pm- 5 pm  sont  atteintes  dans  le  cas  du  Mistral. 

Las  figures  n*a  5  et  6  nous  propoaent  den  correlations  plus  ou  molns 
fortaa  entrs  differents  paramAtres. 

Tout  en  limitant  la  valldite  des  valeurs  de  visibilte  ,  lesquellea 
sont  obtenues  A  partir  de  l'Avaluation  de  l'ceil  humain,  on  remarque  qt.e 
la  compor temert  des  transmissions  sur  la  band e  3pm-5pm  n'est  pas  lin£ei- 
remant  dependant  des  assures  de  visibilite  (  figure  n  °  6  ). 


IV  -  LE  CODE  LOVTRAM 

Las  codas  LOVTRAM  dAveloppAa  depuis  1971  calculsnt  la  luminance  st 
lus  transmissions  atmosphe r iques  moyennAea  sir  dee  intervenes  de  20  cm-1 
de  350  A  40  000  cm-1  (soit  un  domains  da  longueurs  d'onde  allant  de  0,25 
A  28,5  pm).  Co  code  utiliaant  pour  l'absorption  un  modAle  dr  bandes  A  un 
seul  paramAtre,  inclut  las  effets  de  1 ' absorption  du  continuum,  la  diffu¬ 
sion  moieculaira  et  l'extlnction  par  lea  lercioiu. 
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L' amelioration  apport6e  au  code  LOWTRAN  qui  apparait  dans  la  version 
LOWTRAN  6  est  1 ' introduction  d'un  modAle  d'aArosols  appeU  NAVY  MARITI¬ 
ME*  *  >  .  Celui-ci  rtuulte  d’une  sArie  de  mesures  de  profils  gr anu 1 omA t ri — 
ques  pris  lors  de  conditions  mAtAorologiques  diffArentes. 

L'influence  du  vent,  des  courants  de  masse  d'air  ainsi  que  de  1  '  hy~ 
gr  omd trie  sur  la  taille  et  la  concentration  en  aerosols  y  est  mise  an 
Evidence.  Dans  ce  modAle,  les  aerosols  sont  pdnArds  par  1 1  Evaporation  des 
eabruns  et  des  gouttes  de  films  et  de  jets  4  la  surface  de  la  mer ,  Les 
particules  ainsi  formAes  sont  ensuite  riparties  dans  1 ' atmosphere .  Ces 
phdnomAnes  de  generations  dependent  du  vent  et  sont  lies  au  de f er lemen t 
des  vagues.  Une  fois  en  suspension,  ces  gouttelettes  subinsent  des  mAca.- 
nisnes  de  tri  par  gravite  et  de  mAlange  par  turbulence,  tin  dehors  des 
processus  de  lessivage  de  1 ' atmosphere ,  les  petites  particules  ont  une 
dur6e  de  residence  longue  dans  la  couche  Unite  tandis  que  les  particules 
de  grandes  dimensions  contribuent  peu  4  la  population  4  long  terse  des 
aerosols . 

be  module  NAVY-MARITIME  distingue  trois  types  de  populations  d'aAro- 
sols,  chacun  ddcrit  par  une  distribution  lognormale. 


DM  (R )  /DR  -  Ai  X  1/f  x  EXP  (  -  C.N  (  R  /  fxRi  >«  ) 


o4 


avec  Al  -  3000  x  (AM|» 

A2  =  max  (0,5  ;  5,866  x  (  Vaoy  -  2,2  l> 

A3  -  max  (0,000014  ;  0,01527  x  (  Vins  -  2,2  )) 
f  -  (  2  -  KH /10  0  )/(  U  X  (  1  -  RH / 1 0  0 ) ) 


AM 

Vinat 

Vaoy 

RD 

Ri 


coefficient  de  aiasae  d’air 
vitesse  instantanA  du  vent. 

vitesae  du  vent  aojennte  sur  les  prtcidentes  24  heurei 
huaiditA  relative 

rayona  eodiux  correspondents  au  naxinun  de  cheque  mode 
K1  >  0,03  pm  ;  R2  •*  0,24  pi  ;  R3  =  2  pm 


Les  coefficients  qui  apparaissent  dans  la  forme  analytique  de  la  dis¬ 
tribution  des  aArosols  sont  dAterminAa  e mpi r i quemen t  4  partir  d'observa- 
tions  »A t Aor o 1 og i qu e s  rAcentes. 


La  composante  la  plus  fine  de  1'aArosol  (Al)  correspond  4  une  coifipo- 
sante  continentals  liAe  4  1'aArosol  de  fond  supposA  indApendant  du  vent. 
Relatif  au  temps  de  dAplacement  de  la  mssae  d'air,  le  paramAtre  AM  prend 
des  valours  entiAres  comprises  entre  1  et  10  (1  reprAsente  un  aArosol  pu- 

remant  marin,  10  un  apport  continental  important). 

La  deuxiAme  composante,  la  composante  permanente  de  1'aArosol  marin, 
eat  fonction  de  l'histoire  du  vent,  qui  suivant  sa  force  tend  4  provoqu^r 
la  formation  de  la  houle,  cette  composante  sera  done  fonction  de  la  Vi¬ 
tesse  moyenne  du  vent  dans  les  derniAres  24  heures. 


La  troisiAme  composante  correspond  4  1 ' ar r achemen t  des  gouttelettes 
uar  le  vent  en  coura  sur  les  vagues  ddj4  prtsentes  et  sera  exprimde  en 
fonction  de  la  vitesae  instantenAe  du  vent. 
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L'extinction  et  l'absorptior  par  laa  atroaola  4  diff*rentes  longutura 
d'onde  ont  *t*  calcultea  par  la  Th*orie  da  MIS  pour  dea  indicaa  da  re¬ 
fraction  li*e  aux  different**  compoaantes  da  l'atrosol.  Laa  donnies  con- 
carnant  las  itroaola  aont  alora  int*gr*es  au  programme  L0WTRAN6  aoua  la 
foraa  da  tableaux  de  coafficienta  d'extinction  at  d'abaorption  pour  una 
aAria  de  valeura  diacritea  de  longueur*  d'onde  (40  valaura)  at  d'hygro*4- 
tria  (50%  -  85%  -  90%  99%).  Laa  valeura  particulieraa  aont  obtanuaa  par 

interpolation. 

V  -  MISUSES  GRANULOMETRIQUES 

Notant  la  localiaation  de  la  aaaura  da  Tranaaiaaion  paralldlement  aux 
prises  da  profile  an  aerosols  at  l'evantualite  d'una  influence  efitidre 
trop  (riquente ,  il  a'eat  avert  intirassant  et  nAceasaire  d ' itandra  la 
site  d'etuda  4  una  ataospbdra  pleineaant  aarina. 

Ainsi,  plusieura  experimentations  ont  pu  4tre  effectutea  4  bord  de 
batimenta  de  la  Marine  Nationals  frangaiae,  en  particulier  lore  d'une 
mission  de  representation  en  Tunisia  du  batimant  d ' experimentation  L'lle 
d ' 01 tr on . 

Una  etude  du  coaportement  das  profila  da  concentrations  d'aerosola  a 
6t*  amorc*e  afin  da  aettre  en  evidence  l'influence  das  conditions  m*teo- 
rologiquas  ou  encore  du  site  g*< grapbique . 

A  -  INSTRUMENTATION 

La  materiel  utilise  pour  ces  experimentations  ae  compose  : 

-  de  la  sonde  optique  granulomttr ique  CSASP  100  HV 

-  d'un  system*  d '  acqu it ist ion  P.D.S  300  de  la  soci*t*  P.M.S 

-  d'un  microordinateur  at  d'una  imprimante  APPLE  II 

A  -  MET BORO LOG  IE 

Lea  dountea  a* t tor o 1 og iqu as  aont  nottes  una  fois  par  assure  granulo- 
»6trique  4  partir  das  appareils  int*gr*s  au  navire  : 

-  vitessa  du  vent 

-  direction  du  vent 

-  hygrometrie 

-  preasion 

-  visibility  eatimte  pir  un  observateur 

C  -  CONFIGURATION 

Afin  d'*viter  au  maximum  las  perturbations  causAes  par  la  configura¬ 
tion  du  batimant  et  pour  dea  probliaes  de  connexions  eiectriques,  l'en- 
senble  des  appareils  d ' acquisition  eat  install*  4  l'int*rieur  at  sur  la 
toit  de  la  cabine  abritant  1 ' ascenaeur  au  deasua  du  hangar  avant. 
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Pour  r es  t  reindr e  l'influence  do  la  convection  naturelle  due  au  chauf- 
fage  du  sol  par  les  rayonneaento  solaires,  la  sonde  a  AtA  isolie  de  la 
paroi  d'acier  par  un  support  en  bois  lias*. 

L '  en trie  de  la  sonde  est  dirigAe  face  au  sens  de  la  narche  ayant  pris 
soin  auparavant  de  vArifier  gue  le  dAbit  de  la  sonde  A  1’intArieur  du 
champ  de  assure  reste  inchangi  guelque  soit  la  vitesse  du  batlnent.  La 
assure  s’effectue  ainsi  A  une  hauteur  de  10  aiAtrea  au  dessus  de  la  aier. 

D  -  BXTRAIT  DO  JOURNAL  DBS  MESURES 

Les  vents  ci  t  As  ci-aprAs  correspondent  A  les  sources  de  courant  a A  - 
rien  qui  peuvent  Atre  locales,  telles  des  brises  de  terro  ou  de  aier  liAes 
aux  teapA r a tur es  et  heurea  de  la  journAe,  nais  ne  font  pas  forcAnent  r A - 
fArence  aux  secteurs  de  vent  dAfinia  dans  le  paragraphs  III.  PrAcisons 
que  la  zone  touchAc  par  le  vent  d'EST  (ch.IIIj  s'Atend  jusqu'au  Nord  de 
la  Corse,  et  que  le  Mistral  peut  descendre  junqu'au  Nord  de  la  Sardaigne. 

Jou r n_A  e_d  u_l  6 _ juin  _£f i gure  n*7)  : 

PbAnonAnes  Avolutifa  : 

DApart  de  Toulon  faisant  route  aur  Cap  Corao. 

Eloignement  des  terres  jusqu'A  16  heures,  c.a.d.,  juaqu'A  mi-parcours  en 
tre  Toulon-Corse  :  45  nautiques  de  la  cSte. 

Vent  changeant  SB  A  B  force  2  le  aiatin  et  juaqu'A  16  heures,  puis  vent  de 
S  A  SW  force  3  A  5  jusqu'A  19  heures. 

Observations  : 

Diminution  des  concentrations  dans  la  gamme  de  diamAtre  infArieur  A 
1,75  ua,  qui  serait  due  A  l'absence  de  houle  et  A  un  Aloignement  progres- 
sif  des  cAtes,  done  A  une  diminution  de  l'influence  continentale  porteuse 
de  particules  de  petits  diamAtrea  (  profil  —  -  —  A  profil  —  +  —  ) 

,d'autant  plus  que  le  vent  falble  et  de  secteur  Eat  ne  rencontre  done  pas 
de  terre  A  proximitA  du  point  de  nesure. 

Puis  augmentation  de  la  concentration  des  particules  de  diamAtre  su- 
pArieur  A  1,75  ua  colncidant  A  une  AlAvation  de  la  force  du  vent  (  profil 
-  >.  SimultanAment ,  accrolsssnsnt  de  la  densitA  de  particules  de  D  in¬ 
fArieur  A  1,75  um  mai'  plus  faible  que  le  matin.  L ' explication  vient 
psut-ttrs  du  fait  que  ,  quoiqu'on  se  rapproche  des  cAteo  corses,  le  vent 
de  secteur  SW  ,  malgrA  un  renforcement  ,  reste  pleinement  sarin  et  affai- 
bllt  l'influence  continentale.  Bn  outre,  1 ' apport  d'aAroaols  de  fond  aem- 
ble  annihil A  par  la  prAsence  d ' un  vent  tournant  au  SW,  contrecar rant  l'A- 
tablisaeaent  d ' un  rAgime  de  houle. 

Unit  du  17  mu  H  luin. (figure  n*8) 

PbAnoaAnes  Avolutifa  : 

Navigation  le  long  de  la  cAte  BST  de  Sardaigne. 

Distance  A  la  cAte  :  10  A  20  nautiquea. 

Vent  de  secteur  NE  force  3,  faiblissnnt  vera  2  h  30',  puis  forcissant 


/c«3  mb, 


.1  I  10  100 

DIAHtun) 


Figure  n*7  :  Journte  du  16  Juin, 
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Figure  n*< 


c  au  if 
in ; 2Nqu 
de  NF.  3 
de  NE  2 
force  0 


DN/DD 
/ c»3  pm 

♦f:5 


DN/  3D 
/cm  3  pmi 

.  ♦0S 


.i  i  I®,  lee 

DIAMfun) 


- 


2-10 


jusqu '  au  Katin . 

Observations 

Evolution  relaiivement  logique  det  profils  avcc  la  vitesse  du  vent. 

Tous  les  diasdtras  jusqu'A  10  ua  sont  touches  par  les  variations  de  force 
du  vent. 

Reaarques  : 

Les  profils  enregistrAs  durant  la  nuit  sont  nettement  plus  bis  que 
ceux  pris  lors  de  la  prAcAdente  journie.  11  f tut  prAciser  que  la  cOte 
n'itait  qu ' A  1  A  2  nautiques  alors  que  pendant  la  nuit,  nous  naviguionm  A 
15  nautiques  environ  des  cOtes. 

De  plus,  longeant  l'lle  par  l'Ouest,  ceci  combinA  A  un  vent  de  NE 
force  2  A  3  provoque  une  influence  cfitiAre  assez  importante  le  17  juin, 
si  on  tient  coapte  du  passage  rAcent  de  la  masse  d'air  au  dessus  des  ter- 
res.  Par  contre,  durant  la  nuit,  le  fait  de  longer  la  Sardaigne  per  l'Kst 
avec  un  rent  de  NK,  nous  oblige  A  considArer  1 'influence  continentale 
comae  nulls,  l'ltalie  se  trouvant  A  100  nautiques  A  l'Est. 

Mu it  du  26  au  27  luin. _ (figure  n*9) 

PhAuomAnes  Avolutifs  : 

Vent  fort  do  secteur  NNW. 

Navigation  en  pleine  mer,  traversAe  Cap  Cor se -Toulon . 

Observations  : 

Porte  concentration  de  particules  infArirures  A  8  pm  due  vraisembla- 
blement  au  vent  de  NNM  soufflant  depuis  la  vtille  provoquant  un  rAgine  de 
houle  et  un  apport  continental  croissant,  d'<utant  plus  qu'on  se  rappro- 
che  de  la  cOte  frangaise. 

figure  w*10  : 

Trajet  1  :  le  long  de  la  cOte  Bat  Sardaigne 

Trajet  2  :  n6m«  trajet  en  sens  inverse 

Vent  de  NNN  force  4  pour  trajet  1 

Vent  de  N8  force  2  A  0  A  3  pour  trajet  2. 

Prof i  1  colr.cidant  pour  des  diamAtres  suplrieura  A  10  um. 
Concentrations  dix  A  quinze  foia  plus  AlsvAes  pour  trajet  1  sur  la 
gamme  de  diamAtres  InfArleure  A  10  pm. 

Non  settlement  le  vent  est  plus  fort,  mail  il  passe  au  dessus  des  ter¬ 
ras  de  Sardaime,  done  apport  d'aAroaols  con  .inentiux  et  d'embruns.  La 
mesure  ae  fait  A  15  A  20  nautiques  des  cOtes  done  on  pent  dire  que  la 
mer  peut  relativement  se  former,  mais  la  prA  lence  de  l’lle  casse  vrais- 
aemblablament  la  houla  qui  ae  forme  aoua  l'artion  du  vent  de  NH. 

Si  on  compare  un  profil  d'aAroaols  pris  A  3  mAtrea  au  dessus  du  ni¬ 
veau  de  la  mer  par  vent  faible  A  un  profil  pris  A  6  nitres  par  temps  de 
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fort  Histral  et  mer  agitAe,  on  observe  une  coincidence  des  points  de  «•- 
sure  jusqu'4  des  diaidtres  de  26  pm  et  une  apparition  de  diaadtres  supt- 
rieurs  dans  Xe  cas  du  vent  fort.  La  nesure  ayant  AtA  effectuAe  4  I’intd- 
rieur  de  la  rade  de  Toulon,  le  phdnoadna  de  houle  n'a  pas  pu  s'aaoicer, 
En  outre,  l'origine  continentale  du  vent  et  la  proximitA  des  cites  out 
davantage  pour  consequence  un  lessivage  de  l'atsosphdre  qu'un  apport 
d ' airosols  sarins. 


VI  -  INTRODUCTION  A  LA  VALID  TION  DU  COD  1  LOW  FRAN  6 


La  forme  analytique  du  noddle  NAVY  MARITIME  parait  etre  une  bonne  ap - 
proche  des  profils  aesurds  en  Her  Hdditerrande  ,  quoique  sous-  estinsnt 
les  concentrations  dans  la  ganne  de  lpn  i  10  ja. 

En  outre  ,  une  modification  ndeessaire  a  AtA  de  prendre  pour  R3, 
rayon  modal  relatif  au  vent  en  cours,  une  valeur  de  1  pi,  le  point  d’in- 
flexion  correspondent  au  troisidie  mode  du  NAVY  MARITIME  dtant  apparen- 
aent  ldgdrenent  dAcalA  par  rapport  aux  mesures  (  figure  n*ll  ). 


DH/DD 


rigure  n*ll  :  Comparaison  du  module 
NAVY  MARITIME  et  d’un  profil  nesurd. 

— - -  :  Navy  Maritime  ;  R3  *  2pm 

.  :  profil  aesurd  43m.  d’altitude 


D I  AN UH ) 
1 00 


Un  programme  s'nppuyant  sur  la  ThAorie  de  MIE‘ »»  permet  de  calculer 
les  coefficients  d'axtlnctlon  et  d'absorption  par  les  adroaols  4  parti 
d ' un  noddle  de  profil  Navy  Maritime  rAajustA.  La  demarche  consist®  ensui- 
te  4  intdgrnr  ces  rdaultats  dans  la  carte  du  code  LOWTRAN  correspvndant  A. 
l'option  “User  Defined"  et  de  lancer  le  calcul  avee  la  visibilitA  nesu- 
rde  . 


Le  processus  de  calcul  du  Code  Lowtran  dans  sa  partie  contribution 
adroaoli  est  le  suivant 

Tacr  -  EXP  (  -  Kextaerl  )  x  HAZE  x  RANGE  ) 

RANGE  :  longueur  du  trajet 

fart  I  )  :  coefficient  d'extinction  calculi  pour  chaque  longueur 

d'onde  et  iiormaliat  au  coefficient  4  0,55pm. 

HAZE  :  coefficient  d'extinction  4  0,55  pm  calculi  4  par  t  i  r  de  la 

visibilitA  introduite  par  l'utilisatenr. 
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:  3,92  /  via.  obttrvie 

Si  on  utiliaa  com  coefficient  da  normalisation  la  coefficient  d'ax- 
tinction  calculi  par  la  progaiai  da  MIB  A  0,55ym  at  qua  la  visibilitd  ne- 
■uria  ast  introduita,  la  Code  Lcirtran  uous  donna  una  traniaiition  da  8% 
aur  la  banda  3ym-5pe.  Par  contra,  ai  lea  coefficients  inairia  dona  la 
carta  "User  Defined"  aont  da  la  fori*  : 

coeff  (  )  calculi*  par  prograu*  da  MIB  /  HAZB 

avec  HAZE  -  3.1>2  /  Visibilitd  observde 

la  transmission  obtanua  par  la  code  Lowtran  deviant  22  A,  at  aa  rap- 
procha  nettement  da  cello  mesurle  liiultaniaent  avac  la  profil  an  adro- 
aola  at  dvaluda  A  28  %  aur  la  binda  3ps-5ym. 

La  diffirence  viant  du  fait  qua  la  profil  utilisd  dana  la  calcul  daa 
coefficients  da  MIB  a  dtd  anragiatrd  4  3  adtras  da  hauteur,  alora  qua  la 
■asura  da  transmission  a'affactua  4  40  adtras  d'altitudel  Bn  conaiddrant 
qua  las  concentrations  aont  ausceptiblaa  da  diainuar  loraqu'on  aonta  an 
altitude,  la  transmission  calcuLda  4  cetta  mdaa  hauteur  na  pourra  litre 
qua  maillaura. 

Cependant,  dana  la  caa  oA  l'option  "Navy  Maritime"  a  dtd  choisia  avac 
las  paraadtrea  adtdorologiquea  naaurds  aur  la  site,  la  coda  Lowtran  noua 
lvalue  la  tranamiaaion  4  17  A,  ca  qui  noua  dloigna  da  la  valaur  aaaurda. 


VII  -  CONCLUSION 

La  apdcificitd  at  l'intdrlt  da  la  connaissanca  du  milieu  mdditerra- 
*l*i  nous  encouragent  4  approfondir  la  coaporteaent  daa  diffdranta  para- 
■atrea  mis  an  jeu  (tranamiaaion,  conditiona  idtiorologiquea,  localisa¬ 
tion...).  Des  assures  aystdaatiqua  da  tranamiaaion  atmoaphdr iqua  aont 
prdvuea  pour  lea  aols  4  vanlr  aprds  1 ’ implantation  du  ddtactaur  quanti- 
que,  lequal  permettra  une  prdci »ion  plus  importanta  da  la  moaure  at  una 
extanaion  4  la  bands  8pa-12pa.  Da  adae,  la  campaqna  da  maauraa  granulomd- 
tiques  en  *«r  so  poursuit  dana  Is  cadre  da  la  validation  du  noddle  Mavy 
Maritime . 

Kemerciancnts  : 

Qua  la  responsible  ,  Mr  He] vd  B0NH0HMBT  ,  ainsi  qua  lea  aaabrea  du 
groups  Optronlque  aoient  cheleureusaaent  remercids  pour  leur  aide  appor- 
tde  4  1 '  amdl ioration  du  TraiiBniasioaAtre. 
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DISCUSSION 


D.  HOHM 

What  experimental  method  did  you  use  to  measure  aerosol  size  distributions  up  to  about 
40  a  above  the  sea  surface? 

AUTHOR  •  8  REPLY 

In  a  marine  environment,  measurements  ware  made  between  3-15  m  depending  on  the  kind  of 
Navy  ship  available.  For  higher  altitudes,  we  used  an  elevator  between  3-45  m  located 
at  a  cliff.  Effects  of  the  cliff  may  have  affected  the  aerosol  size  distributions. 


I.  BHETTLE 

Your  results  showed  the  measured  transmission  was  higher  than  predicted  by  the  LOWTRAN  6 
Navy  Maritime  Aerosol  Model  which  means  the  aerosol  extinction  for  LOWTRAN  was  higher 
than  your  measurements  which  is  the  reverse  of  what  the  previous  speaker  showed. 

AUTHOR '8  REPLY 

There  may  be  a  difference  between  the  S.  Uist  and  the  Mediterranean  environments. 


E.  BKXTTLB 

The  change  in  the  Navy  Maritime  Aerosol  Model  between  LOWTRAN  6  and  LOWTRAN  7,  as  point¬ 
ed  out  by  J.  Ridout,  does  in  fact  tend  to  reduce  the  numbers  of  the  larger  aerosols 
which  could  explain  some  of  the  differences.  This  change  was  provided  to  AFGL  by  S. 
Gathman  of  NRL  based  on  measurements  of  H.  Hughes  at  NOSC.  Also,  the  uncertainties  in 
the  molecular  contribution  due  to  errors  in  measuring  the  temperature  and  relative 
humidity  could  account  for  some  of  the  differences. 

AUTHOR'S  REPLY 

I  sincerely  regret  that  my  data  on  the  Navy  Maritime  Aerosol  Modal  are  already  obsolete. 
I  should  get  the  latest  version  of  the  model,  particularly  since  it  addresses  the  third 
mode  of  the  aerosol  distribution  aovering  particle  sizes  larger  than  2  mioron  in  radius. 
This  size  range  considerably  affects  transmission  in  the  3-5  micron  and  a-12  micron 
bands . 

J.  RIDOUT 

I  agree  that  the  values  pressnted  in  the  first  paper  do  contradict  somewhat  those  of  the 
second  but  we  were  diecussing  only  eerosol  extinction.  Also  this  paper  usud  a  different 
equation  for  the  quantity  A3  than  the  first. 

AUTHOR'S  REPLY 

The  new  Navy  Maritime  Aerosol  Model,  at  first  sight,  seems  to  lower  the  wind  effect  on 
aerosol  concentration  and,  therefore,  restore  the  transmission  ratss  in  the  IR;  this 
brings  the  results  of  our  experiments  into  closer  agreement. 


NEW  SPECTRAL  FEATURES  OF  STRATOSPHERIC  TRACE  GASES 


A.  Goldman#  F.  J.  Murcray,  R.  0.  Blatherwick,  J.  J.  Rosters, 
F.  H.  Murcray,  and  D,  G.  Murcray 
Department  of  Physics 
University  of  Denver 
Denver,  Colorado  80206  USA 

C.  P.  Rinsland 

Atmospheric  Sciences  Division 
NASA  Langley  Research  Center 
Hampton,  Virginia  23665  USA 


A  new  Michelson-type  interferometer  system  operating  in  the  infrared  at  very  high 
resolution  (0.002-0.003  wavenumber  FWHM)  has  been  used  to  record  numerous  balloon-borne 
solar  absorption  spectra  of  the  stratosphere,  ground-based  Bolar  absorption  spectra,  and 
laboratory  spectra  of  molecules  of  atmospheric  interest.  In  the  present  work,  we  report 
results  obtained  for  several  important  stratospheric  trace  gases,  HN03,  C10N02,  H02N02, 
N02,  and  C0F2,  in  the  8-  to  12-um  spectral  region.  Many  new  features  of  these  gases 
have  been  identified  in  the  stratospheric  spectra.  Comparison  of  the  new  spectra  with 
line-by-line  simulations  shows  previous  spectral  line  parameters  are  often  inadequate. 
New  analysis  of  high  resolution  laboratory  and  atmospheric  spectra  and  improved 
theoretical  calculations  will  be  required  for  many  bands.  Preliminary  versions  of 
several  sets  of  improved  line  parameters  under  development  are  presented. 


1.  Introduction 

(NU)  A  new  Michelson-type  interferometer  system  capable  of  recording  broadband 
infrared  absorption  spectra  at  an  unapodized  FWHM  resolution  of  0.002  wavenumber  hau 
recently  become  operational  for  field  and  laboratory  use.  This  instrument,  which  is 
operated  by  the  University  of  Denver  Atmospheric  Spectroscopy  Group,  is  a  modified 
version  of  a  commercial  instrument  (Bomem  model  DA3.002)  and  has  been  used  to  record 
numerous  balloon-borne  solar  absorption  spectra  of  the  stratosphere,  ground-based  solar 
absorption  spectra,  and  laboratory  spectra  of  molecules  of  atmospheric  interest.  A 
description  of  the  spectrometer  system  hss  been  reported  [Murcray  et  al.,  1989].  In 
this  paper,  we  present  the  analysis  of  these  spectra  to  obtain  new  information  on  the 
absorption  by  five  important  stratospheric  trace  gases,  HNOj,  C10N02,  H02N02,  N02»  and 
C0F2,  in  the  8-  to  12-iun  region.  Numerous  new  absorption  features  of  these  gases  have 
been  observed  in  the  balloon-borne  and  laboratory  spectra.  Sample  flight  and  laboratory 
spectra  in  regions  useful  for  quantifying  the  concentrations  of  these  gases  in  the 
stratosphere  are  presented.  Analysis  of  the  new  features  shows  much  of  the  available 
line  paromotere  are  inadequate,  and  new  spectroscopic  Btudies  are  required.  Preliminary 
versions  of  several  sets  of  improved  line  parameters  under  development  are  presented. 

(NU)  Thu  balloon-borne  solar  spectra  were  obtained  during  two  recent  flights  from 
32°N  latitude.  Thu  first  flight  occurred  on  the  afternoon  of  November  18,  19B7,  from 
Fort  Sumner,  New  Mexico.  Data  were  obtained  on  the  ground,  during  ascont,  and  from  the 
float  altitude  of  37  km  for  solar  zenith  angles  loss  than  85°.  Those  spectra  cover  700 
to  1350  wavenumber  at  0.002  wavenumber  resolution.  The  second  flight  was  conducted  from 
Palestine,  Texas,  on  the  afternoon  and  early  evening  of  June  6,  1988.  During  this 
flight,  0.003  wavenumber  resolution  spectra  were  recorded  from  high  sun  angles  through  a 
solar  astronomical  zenith  angle  of  94.81°  (tangent  height  of  15.4  km).  Lower  sun  data 
were  < hen  recorded  et  reduced  reaolution  (0.02  wavenumber)  for  zenith  angles  down  to 
95.41°  The  data  from  the  aecond  flight  cover  650  to  1300  wavenumber.  Selected  regions 
of  the  spectra  from  both  flights  have  been  published  in  an  atlas  format  with  line 
positions  and  identifications  of  the  measured  atmospheric  and  solar  features  [Goldman  et 
al.,  1988a].  For  Well  reaolved  lines,  the  positions  have  an  estimated  accuracy  of 
+  0.0002  wavenumber  with  respect  to  standard  calibration  lines  of  C02  and  N?0.  Results 
of  an  analysis  of  the  ’O-isotopic  composition  of  strutospheric  ozone  above  37  kin 
altitude  obtained  from  analysis  of  these  spectra  with  significantly  improved  normal  and 
isotopic  ozone  line  parameters  has  also  baen  reported  [Goldman  et  al.,  19BBbJ. 

2.  Results 

2.1  Nitric  Acid  (HN03) 

(NU)  Recently,  a  number  of  important  infrared  and  far  infrared  bands  of  nitric 
acid  have  been  analyzed  at  high  reaolution  for  the  first  time:  the  v?,  and  v8  bandB 
by  Maki  and  Olson  (19881,  the  "q  band  by  Goldman  et  al.,  [1988c],  and  tne  vg  +  v„  band 
by  A.  Maki  (private  comrauni.  kion,  1988).  Based  on  those  studies,  line-by-lino 
spectroscopic  parameters  have  been  generated  for  use  in  atmospheric  studies  (A.  Maki, 
private  communication,  1988).  l'ha  Vg  fundamental  (band  center  763.154  wavenumber) 
and  the  vB  +  v,  combination  band  (band  center  1205.707  wavenumber)  fall  within  the 
region  covered  by  the  now  balloon  flight  and  laboratory  spectra. 


(NU)  The  vo  fundamental  band  is  relatively  weak,  but  it  contributes  significant 
absorption  over  long  atmospheric  paths.  The  0  branch  at  763.1  wavenumber  is  the  most 
prominent  feature  and  was  identified  several  years  ago  in  0.02  wavenumber  resolution 
stratospheric  solar  absorption  spectra  [Goldman  et  al.,  1982j°  1987).  Figure  1  shows 
the  762.0-764.0  wavenumber  region  containing  the  Q  branch  in  a  0.002  wavenumber 
resolution  HN03  laboratory  spectrum  and  a  sequence  of  stratospheric  spectra  obtained  at 
0.003  wavenumber  resolution  during  the  June  1988  balloon  flight.  All  of  the  spectra  are 
on  the  same  scale,  but  have  been  offset  vertically  for  clarity.  The  uppermost  solar 
spectrum  is  the  sum  of  24  stratospheric  scans,  recorded  while  the  solar  zenith  angle 
increased  from  63°  to  73°,  so  the  value  listed  in  the  figure  (68°)  represents  an 
average.  The  othor  spectra  are  low  sun  scans  with  tangent  heights  of  26.1,  21,0  and 

15.6  km.  The  strongest  part  of  the  0  branch  appears  in  the  solar  spectra  as  an 
unresolved  feature  overlapped  by  a  number  of  lines  of  ozone.  The  HNO,  feature  is  first 
detectable  at  a  tangent  height  of  30.3  km  (not  shown  in  the  figure)  and  is  then  observed 
to  strengthen  rapidly  with  decreasing  tangent  height.  Figure  2  compares  a  balloon 
flight  spectrum  over  a  narrower  interval  along  with  simulations  generated  for  the  same 
atmospheric  ray  path  using  the  new  HN03  line  parameters,  03  lino  parameters  from  the 
work  of  Pickett  et  al.,  [19B8J,8  the  1986  HITRAN  compilation  (Rothman  et  al.,  1987), 
and  the  reference  volume  mixing  ratio  profiles  of  Smith  [1982]. iu  The  HN03  Q  branch 
absorption  in  the  measured  and  calculated  spectra  are  in  good  agreement.  The  Oj  line 
parameters  provide  a  significant  improvement  over  those  on  the  1986  HITRAN  compilation 
[Rothman  et  al.,  1987). 
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Fig.  1,  Laboratory  spectrum  of  IIN03  at  0.002  cm"1  resolution  (top)  and  u  sequence  of 
0.003  cm-1  resolution  stratospheric  solar  absorption  spectra  in  the  762  to  764  cm"1 
region  covering  the  763.1  cm-1  HNG3  v0  band  Q  branch. 
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Fig.  2,  Comparison  of  a  0.003  cm-1  resolution  balloon  flight  spectrum  with  line  by-line 
simulations  in  the  region  of  the  v8  bond  0  branch  of  HN03  at  763  cm"1. 


(NU)  Laboratory  spectra  [Goldman  ct  al . ,  1971; ^Maki  and  Olson,  1988] 4  show  the 
HNOjj  v8  band  If  and  R  branches  are  strongest  near  about  745  and  780  wavenumber.  The 
R  branch  is  significantly  more  intense  than  the  P  branch  due  to  vibration-r  >>.;  on 
Interactions.  It  has  been  possible  to  identify  numerous  weak  HNO?  features  ne«::  >ne 
R  branch  peak  in  the  new  balloon-borne  solar  spectra.  Of  particular  interest  are  the 
features  that  can  be  identified  in  the  region  of  the  780.2-wavenumber  v4  ciONOj 
0  branch.  These  features  are  discussed  in  the  next  section. 

(NU)  Figure  3  shows  a  sequence  of  the  high  resolution  flight  data  along  with  a 
laboratory  spectrum  of  HNOj  in  the  1204  to  1206  wavenumber  region,  which  covers  the 
vg  +  v9  hnck  Q  branch  at  1205.6  wavenumber.  As  in  the  case  of  the  vg  band,  the 
Q  branch  is  the  most  prominent  feature  of  this  band.  Weaker  features  of  the  HNO? 
Vg  +  v9  band  have  also  been  identified  in  the  stratospheric  spectra  from  about  1180 
to  1220  wavenumber.  In  Figure  4  a  narrower  section  of  the  Q  branch  region  from  one  of 
the  flight  spectrum  is  plotted  on  an  expanded  vertical  scale  along  with  a  simulation  of 
the  data  including  the  HN03  line  parameters  generated  recently  by  A.  Maki  (private 
communication,  1986).  The  agreement  between  the  positions  and  relative  intensities  of 
the  measured  and  calculated  features  is  very  goad.  Additional  comparisons  of  the  new 
theoretical  parameters  with  high  resolution  laboratory  data  are  required  for  the 
validation  of  both  the  Vg  an<j  v„  +  Vg  line  intensities  before  atmospheric  HNO3  profiles 
derived  from  these  features  can  be  presented. 
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Fig.  3.  Laboratory  spectrum  o£  HNO3  at  0.002  cm-1  resolution  (top)  und  a  sequence  of 
0.003  cm-1  resolution  stratospheric  solar  absorption  spectra  covering  the  1205.6  cm"^ 
HNQ3  Vg  band  Q  branch.  The  laboratory  spectrum  was  recordud  with  1.0  Torr  of  UNO 3  in  a 
22  cm  path  length  absorption  colL  at  23°C. 
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Fig.  4.  Comparison  of  a  0.003  cm-1,  resolution  balloon  flight,  spectrum  with  line-by-line 
simulations  in  the  region  of  the  vg  +  v^  band  o  branch  of  UNO  ,  al  1205. <1  cm"1. 
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(NU)  The  high  resolution  of  the  new  balloon-borne  and  laboratory  spectra  has  also 
revealed  the  need  for  improvement  in  the  parameters  for  the  v5  and  2vg  HNO3  bands. 
These  discrepancies  are  not  apparent  at  lower  resolution  in  the  regions  most  favorable 
for  quantitative  analysis  of  HNO3  [cf .  Goldman  et  al.,  19B4,  Murcray  et  al.,  1967, 
Rinsland  et  al.,  1966]. 14  figure  5  presents  a  sequence  of  June  1986  balloon  flight 
spectra  in  the  868  to  870  wavenumber  region,  which  is  dominated  by  the  regularly-spaced 
series  of  P-branch  manifolds  from  the  HNO3  vg  band.  These  features  are  first  observed 
at  a  tangent  height  of  33.7  km,  and  tnen  strengthen  rapidly  as  the  zenith  angle 
increases.  In  the  lower  stratosphere,  it  can  be  seen  that  some  of  the  fine  structure 
within  the  manifolds  is  lost  due  to  pressure-broadening  of  the  lines.  Figure  6  shows  a 
comparison  between  a  lower  stratospheric  balloon-borne  spectrum  at  0.003  wavenumber 
resolution  and  simulations  of  the  absorption  calculated  using  the  reference  HN03  volume 
mixing  ratici  profile  of  Smith  [1982]. 10  The  absorption  in  this  region  is  almost 
entirely  due  to  HNO3  with  the  strongest  features  resulting  from  band  P25  manifold  at 
868.1  wavenumber.  The  upper  panel  shows  a  predicted  spectrum  computed  with  the 
parameters  on  the  1986  HITRAN  compilation  [Rothman  et  al.,  1987],  the  lower  panel 
presents  a  calculation  with  a  set  of  revised  line  positions  for  HNO3.  As  can  be  seen 
from  the  figure,  there  is  close  agreement  between  the  predicted  and  measured  intensities 
of  the  P-branch  manifold  features  in  bath  calculations.  However,  in  the  upper  figure 
the  calculated  positions  for  some  of  the  individual  lines  within  the  manifold  are 
significantly  different  than  the  measured  values.  At  this  resolution,  these 
discrepancies,  which  are  produced  by  level  crossing  resonances  between  the  Fermi 
interactin'’  v5  and  2  vg  vibrational  atatas,  are  quite  apparent.  The  revised  calculation, 
from  work  in  progress  by  A.  Mski  (private  communication,  1988),  correctly  accounts  for 
the  resonance  perturbations,  as  Shown  in  the  lower  figure.  Similar  agreement  is 
obtained  for  the  other  manifolds  in  the  region  of  atmospheric  interest  (860-875 
wsvenumber).  Additional  work  is  needed,  however,  since  discrepancies  between 
measurement  and  calculation  remain  for  the  weaker  features  outside  the  manifolds  (e.g. 
Fig.  6). 

2.2  Chlorine  Nitrate  (CIONO2) 

(NU)  In  Figure  7,  we  show  a  sequence  of  four  0.003  wavenumber  resolution 
stratospheric  solar  spectra  from  the  June  1988  flight  in  the  780  to  782  wavenumber 
region  covering  the  ClONOj  band  Q  branch  at  780.2  wavenumber.  The  CIONO2  band 

0  branch  is  dourly  visible  in  spectra  at  solar  zenith  angles  bnlow  92°.  In  contrast  to 
earlier  lower  resolution  measurements  (Rinsland  et  al.,  1905;^  Zandur  et  al.,  1986;10 
Zander  et  al.,  1987],  7  the  O3  line  at  780.2143  wavenumber  and  the  C02  line  at  780.2314 
wavenumber  are  resolved  and  are  clearly  much  narrower  than  the  CIONO,  Q  branch 
absorption.  The  O3  line  occurs  close  to  the  C10N02  Q  branch  absorption  peak  at  780.213 
wavenumber,  whereas  the  C02  transition,  the  stronger  of  the  two  lines,  is  centered  about 
0.018  wavenumber  above  the  peak,  in  agreement  with  simulations  with  the  line, list. 
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Fig.  5.  .Laboratory  spectrum  of  HNO3  at  0.002  cm~^-  resolution  (top)  and  u  .’sequence  of 
0.003  cm"1  resolution  stratospheric  solar  absorption  spectra  in  the  868  to  870  cm-1 
r eg  ion  showing  several  p  branch  manifolds  of  the  UNO 3  v  g  band.  An  asterisk  marks  the 
manifold  r.hown  on  an  expanded  scale  in  Fig.  5. 

(NU)  Figure  8  shows  two  laboratory  spectra  of  ClONOo  and  two  laboratory  spocti.i  of 
HNO3  in  the  780  to  782  wavenumber  region  at  Q.QQ2  wavenumber  resolution.  As  can  be  seen 
from  ths  figure,  significant  HNO,  absorption  is  observed  throughout  the  region  with  a 
number  of  lines  overlapping  the  C10N02  Q  branch.  Earlier  laboratory  spectra  [Murcray  et 
al.,  1964] A  show  tha  C'10N02  0  branch  as  an  unresolved  feature  at  0.02  wavenumber 
resolution.  The  now  higher  resolution  laboratory  spectra  show  significant  fine 


structure  within  the  Q  branch.  The  structure  is  consistent  with  the  features  observed 
recently  in  tunable  diode  laser  spectra  (D,  StMar'c,  NPL,  private  communication,  1983) 
and  suggests  the  effect  of  resolution  may  be  important  in  evaluating  cross  sections  for 
the  ClONOo  Q  branch.  Indeed,  comparisons  of  peak  absorption  cross  sections  reported 
for  the  C10N02  Q  branch  at  room  temperature  (e.g.  Davidson  et  al.  [1987] 
Ballard  et  al.  [1988]) 20  and  resolution-degraded  versions  of  the  new  laboratory  spectra 
show  the  peak  cross  section  increases  substantially  from  -.06  to  0.002  wavenumber 
resolution,  but  more  than  30%  differences  exist  between  the  results  of  the 
various  laboratories  (S.T.  Hassle  and  A.  Goldman  unpublished  results,  1988).  Hence, 
much  further  work  is  needed  before  stratospheric  C10NO2  can  be  quantified  accurately 
from  infrared  measurements. 
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Fig.  6.  Comparison  of  a  0.003  cm*-’-  resolution  balloon  fliyht  a  poet  rum  with  linu-by-line 
simulations  in  the  region  of  the  HNO3  I'2b  manifold  at  86U.1  cm-1.  The  balloon  flight 
spectrum  was  recorded  at  a  float  of  altitude  36.75  km.  In  the  upper  panel  (a),  the 
synthetic  spectrum  was  generated  with  the  HNO3  line  parameters  on  the  1986  HITRAN 
compilation  [Rothman  et  al.,  1987].  In  the  lower  panel  (b) ,  the  simulation  was 
generated  with  the  P-branch  manifolds  positions  shifted  to  account  for  resonances 
between  rotational  levels  of  the  v5  and  2 vg  interacting  vibrational  states. 
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Pig.  7.  Sequence  of  0.003  era”'1,  resolution  stratospheric  solar  absorption  spectra  in  the 
780  to  782  cm-1  region  covering  the  ClONOj  v4  band  Q  branch  at  780.2  cm-1. 
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fig.  8.  The  780-782  cm'^  region  of  two  HNO3  and  two  C10M02  laboratory  spectra  recorded 
at  0.002  cm-1  resolution  with  the  University  of  Denver  interferometer  system.  The  upper 
two  spectra  were  obtained  with  HNO3  in  a  22  cm  path  at  23. OC.  The  lower  two  spectra 
were  recorded  with  C10N02  in  a  10  cm  path  length  cell  at  the  same  temperature.  Asterisk 
marks  the  two  IINO3  features  identified  in  the  balloon  flight  spec  tea  in  Fig.  9. 


(NU)  The  780.2  wavenumber  region  at  0.003  wavenumber  resolution  is  shown  on  an 
expanded  scale  in  Figure  9,  where  a  balloon-borne  solar  spectrum  of  thu  lower 
stratosphere  and  a  simulation  of  the  data  are  presented.  The  solar  spectrum  was 
obtained  by  coadding  June  6,  1988  flight  spectra  recorded  at  astronomical  zenith  angles 
of  94.07°  and  94.81°  (tangent  heights  of  21.0  and  15,4  km,  respectively).  The 
simulations  include  the  new  line  parameters  for  the  HNO3 9()  band  and  C10N02  empirical 
line  parameters  from  the  study  of  Rinsland  et  al . [ 1985 ] ; 15  line  parameters  for  other 
gases  and  the  volume  mixing  ratio  profiles  are  the  same  as  those  used  in  simulating  the 
HNO3  vg  branch  region.  It  can  be  seen  that  significant  HNO3  absorption  is  predicted  in 
this  interval.  The  asterisks  indicate  two  features  in  the  balloon  flight  spectra  with 
measured  positions  of  780.165  and  780.179  wavenumber.  These  features  are  superimposed 
on  broad  absorption  by  the  low  wave  number  wing  of  the  unresolved  C10U02  Q  branch.  The 
positions  and  strengths  of  these  two  features  correspond  closely  with  peaks  in  the 
calculated  HMO3  absorption  spectrum  at  760.1664  and  780.1737  wavenumber,  each  of  which 
is  an  unresolved  doublet  in  the  line  list.  These  predicted  features  are  also  marked 
with  asterisks  in  the  0.002  wavenumber  resolution  laboratory  spectra  presented  in 
Fig.  .  The  two  IINO3  features  were  observed  previously  as  a  single  unrcuolvod  peak  near 
780.180  Wavenumber  in  0.01-0.02  wavenumber  resolution  solar  spectra  (Uinslund  et 
al.  (1985),  b  Zander  et  al.  [1986],  6  and  Zander  and  Demoulin  (1988)). 


Fig.  9.  Comparison  of  a  0.003  cm"1  resolution  balloon  flight  spectrum  with  line-by-line 
simulations  in  the  region  of  the  v,  band  C10N02  Q  branch  at  7B0.2  cm"1.  The  spectrum  at 
top  is  a  calculation  of  the  HNO3  absorption.  The  lower  simulation  was  generated  with 
all  gases,  including  HNO3.  Asterisks  indicate  two  features  assigned  to  HNO3  that 
overlap  the  ClONOj  Q  branch.  Nearby  lines  of  C02  and  On  are  also  identified  (see  text 
for  details) ,  J 


(NU)  The  weaker  v,  band  0  branch  at  609. 4  wavenumber  Calls  directly  on  top  of  a 
strong  C02  line  at  809.3717  wavenumber,  so  the  ClONOj  fine  structure  cannot  be  seen. 

Away  from  the  CO,  line,  the  weaker  fine  structure  is  not  visible,  but  the  broad 

depression  from  this  band  between  809.0  and  809.7  wavenumber  can  be  detected  on  the 
94.07°  and  94.81°  scans  (tangent  heights  of  21.0  and  15.4  km,  respectively)  by 

overlaying  the  low  sun  data  on  the  coadded  high,  sun  spectrum.  In  addition,  in  the 

lowest  zenith  angle  scans  recorded  during  the  flight  (95.2°,  95.3°,  and  95.4°),  the  v 
Q  branch  of  CHC1F2  (CFC-22)  at  809.1  wavenumber  appears  on  the  low  wavenumber  side  of 
the  C10N0-  broad  feature,  in  agreement  with  the  analysis  by  Zander  et  ai.  11987).  ' 

(NU)  The  flight  spectra  also  show  absorption  by  the  1292  wavenumber  C10N02  » 5 

band  0  branch,  the  strongest  feature  of  ClONOj  in  the  infrared.  Because  of  the  improved 
spectral  resolution,  significant  fine  structure  within  the  Q  branch  has  been  observed 
for  the  first  time  in  both  the  laboratory  and  flight  spectra.  However,  stratospheric 
quantification  from  this  spectral  region  is  difficult  because  of  absorption  by  numerous 
interfering  linus  from  several  molecules  [Goldman  et  al.,  1987).  At  present,  the 
primary  problems  are  the  poor  agreement  between  the  reported  low  temperature  C10N02  v , 
band  cross  sections  [Davidson  et  al.,  1987,  s  Ballard  et  al.,  19B8)‘U  and  the  absence  of 
line-by-line  parameters  for  the  HNO,  lines  which  absorb  significantly  in  this  region. 
Absorption  is  produced  by  the  v3  (1307  wavenumber)  and  the  stronger  (1326  wavenumber) 
bands.  Recent  high  resolution  laboratory  studies  of  the  4  HNO,  band  [Webster  et  al., 
1985,  i  Webster,  1988) ate  being  extenJed  to  cover  the  1290  to J 1295  wavenumber  region 
(R.  D.  May,  private  communication,  1988). 

2.3  Peroxynitric  acid  (H02M02) 

(NU)  In  Figure  10,  we  show  a  H02N0,  laboratory  spectrum  at  0.004  wavenumber 
resolution  (top)  and  the  sequence  of  four  0.003  wavenumber  resolution  stratospheric 
solar  spectra  from  the  Juno  1988  balloon  flight.  This  region  contains  the  H02N02 
Q  branch  at  602.7  wavenumber,  which  is  relatively  free  of  strong  atmospheric 

interference  and  is  the  most  suitable  infrared  H02N02  feature  for  atmospheric 

measurement.  Line  positions  and  identifications  of  stratospheric  and  solar  features 

derived  for  this  region  from  the  flight  spectra  have  been  included  in  the  new 
stratospheric  atlas  [Goldman  et  al.,  1988a).  The  laboratory  spectrum  shows  two 
prominent  peaks  near  802.57  and  802.79  wavenumber  within  the  Q  branch  (marked  by 
asterisks).  In  addition,  fine  structure  not  apparent  at  0.04  wavenumber  resolution 
[Murcray  et  al.,  1 9 8 4 1 8 ]  can  be  seen.  Similar  fine  structure  is  observed  in  the  very 
high  resolution  laboratory  spectra  presented  by  Webster  [1988] 23  end  May  et  al. 
[1988]  .’  When  plotted  on  an  expanded  scale,  the  laboratory  spectrum  in  Fig.  10  shows 
each  of  the  two  peaks  is  split  at  the  higher  resolution  into  two  nearly  equal  intensity 
components.  The  feature  at  802.57  wavenumber  resolves  into  components  at  802.5697  and 
802.5754  wavenumber.  In  the  lower  stratosphere,  these  components  would  undoubtedly  be 
pressure-broadened  into  a  single  feature  at  802.5726  wavenumber  with  a  FWHM  of  about 
0.006  wavenumber.  Similarly,  the  802.79  wavenumber  feature  resolves  into  two  components 
at  802.7859  wavenumber  and  802.7903  wavenumber,  which  blend  into  a  feature  centered  at 
802.7881  wavenumber  with  a  FWIIM  of  about  0.006  wavenumber. 


LAB  H02N02  0.59  TOUR  I00CM  CKU 

a  JUNE  1080  38  OKU  88-  38.8KU  03.3'  3.J.UKM  84.T  30.5KM  94. 0- 


WAVENUMBER  (cm-1) 


Fig.  10.  Laboratory  spectrum  of  HQ2N02  recorded  at  0.004  cm-1  resolution  (top)  and  a 
sequence  of  0.003  cm-1  resolution  stratospheric  solar  absorption  spectra  fLom  the  June 
1988  balloon  flight.  The  spectral  region  contains  the  relatively  strong  H02N0v  band 
Q  branch  at  802.7  cm-*.  Asterisks  beneath  the  laboratory  spectrum  show  two  peaks  in  the 
Q  branch  observed  previously  in  0.04  cm-1  resolution  laboratory  spectra  [Murcray  et  al., 
1984) . 
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(NU)  Figure  11  shows  the  H02N02  Q  branch  region  in  a  lower  stratospheric  solar 
absorption  spectrum  at  0.003  wavenumber  resolution  obtained  by  coadding  4  of  the  scans 
from  the  June  6,  1988  balloon  flight.  A  weak  feature  at  802.5728  wavenumber  (marked  by 
an  asterisk)  coincides  very  well  with  the  lower  frequency  H02N02  peak  obset  /ed  in  the 
laboratory  data.  This  feature  has  also  been  observed  in  0.01  wavenumber  stratospheric 
solar  spectra  recorded  by  the  ATMOS  instrument  during  the  Spacelab  3  mission  [Rinsland 
et  al.,  1986a),  5  but  the  ATMOS  data  yield  a  slightly  higher  measured  position  of 
802.5767  _+  0.0004  wavenumber.  Both  measurements  are  lower  than  the  position  of  a  nearby 
C03  line  <R16  of  the  11101-10002  band  of  16012C180) ,  which  is  listed  at  802.5844 
wavenumber  on  the  1986  HITRAN  compilation  [Rothman  et  al.,  1987].  Although  this  COo 
line  has  not  been  measured  in  the  laboratory,  both  the  upper  and  lower  vibrational 
levels  have  molecular  constants  that  are  well  determined  from  high  resolution 
measurements  [Rothman,  1986],  6  so  the  position  of  this  line  should  be  accurately 
computed.  The  coadded  solar  spectrum  in  Fig.  6  shows  no  evidence  for  this  C C>2  line  at 
its  predicted  position,  which  is  too  far  away  to  be  blended  with  the  H02N02  peak  at  the 
high  resolution  of  the  data.  Also,  it  can  be  noted  that  the  802.5728  wavenumber  feature 
is  significantly  broader  than  nearby  single  lines,  indicating  that  it  cannot  be 
attributed  solely  to  a  single,  absorption  line.  The  H02N02  feature  at  802.7881 
wavenumber  is  less  than  a  resolution  element  from  a  much  stronger  O3  line  at  802.7900 
wavenumber  and  is  therefore  masked.  In  contrast  to  the  ATMOS  observations  [Rinsland  et 
al.,  1986a], 25  the  balloon-borne  spectra  do  not  show  evidence  for  broad  absorption  by 
the  HOjNOj  Q  branch  envelope. 


Wavenumber  (cm-') 

Fig.  11.  Balloon-borne  lower  stratospheric  solar  absorption  spectrum  (0.003  cm  1 
resolution)  in  the  region  of  the  H02N02  Q  branch  at  802.7  cm  1 ,  The  spectral  data  are 
plotted  on  an  expanded  vertical  scale  to  show  an  absorption  feature  at  802.5728  cm 
(marked  by  an  asterisk)  tentatively  assigned  to  H02N02- 


2.4  Nitrogen  dioxide  ( NO 2 ) 


spectral  lines  from  both  the 


(1617  wavenumber)  and 
for  the  identification 


(NU)  In  previous  studies, 

1  1  v  3 

and  consistent  quantification  of  atmospheric  N02  from  balloons,  aircraft,  and  ground- 
based  measurements  [WMO,  1936;27  Flaud  et  al.,  1986;28  Goldman  and  Chen,  1988].  y  The 
high  resolution  of  the  present  flight  data  shows  the  fine  structure  of  several 
Q  branches  of  the  much  weaker  vj,  band,  especially  in  the  800-630  wavenumber  region, 
where  interference  by  other  species  is  small.  These  Q  branches  have  been  observed  as 
unresolved  features  in  the  ATMOS  stratospheric  spectra  [Zander  et  al.,  1986)ib  Rinsland 
et  al.,  1987], 30 

(NU)  Figure  12  shows  two  balloon-borne  solar  spectra  in  the  region  of  the 
Q4  subbranch  of  N02  at  825.6  wavenumber  and  simultaneous  least-squares  best  fits  to 
both  spectra.  The  NO,  line  parameters  used  in  the  calculation  were  taken  from  the 
HITRAN  1986  compilation  (Rothman  et  al.,  1987],  the  calculated  absorption  features  are 
in  good  agreement  with  those  in  the  flight  data.  The  quantitative  results  are  in 
general  agreement  with  results  obtained  from  other  stratospheric  data  covering 


R 


and 
[1988] 


5S 


V1 


+  v 


3  bands.  The  more  recent  study  of  the  N02  v2  band  by  Perrin 
should  provide  further  improvement  in  the  line  parameters  in  the  near 


The  Oj  line  parameters  used  here  are  from  Pickett  et  al.  [1988]. 8  As  noted 
other  intervals,  these  new  O3  parameters  produce  significantly  better  results 
on  the  1986  IITTRAN  compilation  [Rothman  et  al.,  1987]. 8 


the  V3 
et  al . 
future, 
for  the 
than  those 


2,5  Carbonyl  fluoride  (COF2) 

(NU)  COF-j  was  Eifst  observed  in  the  stratosphere  from  analysis  of  the 

ATMOS/Spacelab  *  spectra  where  features  in  the  1925-1960  wavenumber  (unresolved  v^  band 
manifolds),  1249-1255  wavenumber  ( v ,  band  features)  and  774  wavenumber  (unresolved  vg 
band  Q  branch)  regions  were  identified  [Rinsland  et  al.,  198Gb].  2  At  the  time,  no 
spectral  line  parameters  were  available,  and  empirical  absorption  parameters  in  the 
and  the  regions  were  used  to  determine  preliminary  COt’2  vertical  profiles. 
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Fig.  12.  Examples  of  simultaneous  least-squares  fits  of  two  stratospheric  spectra  in 
the  region  of  the  rq4  subbranch  of  NO?  v2  i3and  at  625.6  cs"^.  The  measured  spectra  was 
recorded  at  0.003  cm-1  resolution  during  the  June  1988  balloon  flight.  The  least- 
squares  best-fit  spectra  (smooth  curves)  arc  in  good  agreement  with  the  measurements. 


(NU)  The  flight  data  presented  here  reveal  numerous  resolved  COFj  lines  (actually 
K-doublets)  of  the  v,  band*  such  as  those  shown  in  Fig.  13  for  the  1250-1252  wavenumber 
region,  as  well  as  absorption  by  the  v4  band  Q  branch  at  774  wavenumber  as  shown  in 
Fig.  14.  Since  the  ATMOS  analysis,  line  parameters  for  the  v6  band  have  become 
available.  .  (Thakur  et  ai.  1987] 35  and  were  used  in  the  present  studies.  Recent 
laboratory  spectra  recorded  at  0.002  wavenumber  with  the  Denver  Interferometer  system 
(such  as  shown  in  Fig.  13)  were  used  in  the  present  study  for  generating  individual  line 
parameters  for  the  1230-1260  wavenumber  region.  This  was  feasible  because  of  the 
preliminary  v.  band  analysis  by  Lewis-Bevan  et  al.  [1986],  3  from  which  it  was  possible 
to  derive  assignments,  spectroscopic  constants,  positions,  lower  state  energies,  and 
relative  line  intensities.  After  scaling  the  intensities,  synthetic  spectra  fit  the 
laboratory  spectra  very  well  over  limited  spectral  regions,  including  the  most  favorable 
regions  for  analyzing  the  band  features  in  the  stratospheric  spoetta  (near  1250  and 
1235  wavenumber).  The  new  line  parameters  are  available  from  the  authors  on  request. 
However,  the  effects  of  perturbations  can  be  seen  in  the  spectra,  since  the  locations  of 
several  lines  are  displaced  from  their  predicted  positions.  Hence,  additional  work  is 
needed  to  explain  these  perturbations  before  a  reliable  list  of  parameters  can  be 
calculated  for  the  entire  band. 
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Fig.  13.  Laboratory  spectrum  of  COt';,  recorded  a>.  0.002  cm-1  resolution  (top)  and  a 
sequence  of  0.003  cm-1  resolution  stratospheric  solar  absorption  spectra  from  the  June 
1988  ballo-m  flight.  The  spectral  region  contains  several  manifolds  of  the  C0F2  v4 
band ,  ' 
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Fig.  14.  Laboratory  spectrum  of  COF,  recorded  at  0.002  cm-1  resolution  (top)  and  a 
sequence  of  0.003  cm"  resolution  stratospheric  solar  absorption  spectra  from  the  June 
1988  balloon  flight.  The  spectral  region  contains  the  Q  branch  of  the  COf’2  v&  band. 


(NU)  The  0.02  wavenumber  resolution  laboratory  spectrum  of  C01*2  in  the  atlas  of 
Murcray  et  al.  [1984] shows  absorption  by  the  band  extending  from  about  1210  to 
1270  wavenumber.  The  new  0.002  wavenumber  resolution  laboratory  spectra  (such  as  in 
Fig.  13)  show  numerous  resolved  linos  over  this  interval,  many  of  which  are  clearly  seen 
in  the  flight  spectra  between  1230  and  1260  wavenumber.  This  interval  is  also  the  most 
favorable  infrared  region  for  detecting  H0C1  and  H202.  Hence,  an  accurate  set  of 
spectroscopic  parameters  for  the  COF2  v4  band  is  needed  to  calculate  the  effects  of  COF2 
spectral  interference  near  the  predicted  H202  and  Hoci  line  positions.  While  no  H202 
and  HOC  1  lines  have  been  identified  yet  in  the  new  balloon  spectra,  it  has  been  noted 
that  the  H202  line  parameters  on  the  1986  HITRAN  compilation  [Rothman  et  al.,  1987] 9  do 
not  reproduce  out  recent  0,002  wavenumber  resolution  H202  labatory  spectra,  particularly 
in  the  wings  of  the  band.  A  new  analysis  based  on  the  new  laboratory  spectra  is  in 
progress.  The  recently  improved  0-j  line  parameters  (see  Goldman  et  al.  [1988b]3  for  a 
description)  provide  good  simulations  to  the  stratospheric  03  lines  in  this  region. 

(NU)  Both  the  V4  and  the  Vg  C0F2  regions  have  been  used  for  preliminary 
simulations  of  the  flight  spectra,  as  shown  in  Fig.  15  and  16.  The  initial  results 
suggest  the  possiblity  of  an  Increase  in  the  concentrations  of  stratospheric  C0F2  as 
compared  to  those  measured  by  ATMOS  [Rinsland  et  al.  1986b].32  Further  analysis  of  the 
laboratory  spectra  to  obtain  improved  energy  levels  and  line  intensities  is  in  progress 
and  will  be  used  for  more  detailed  quantification  of  stratospheric  COF2. 
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Fig.  15.  Comparison  of  a  0.003  cm-1  resol ut ion  balloon  flight  spectrum  with  line-by- 
line  simulations  in  a  region  containing  a  number  of  features  of  the  v,  band  of  COF,. 
The  solar  spectrum  was  recorded  from  □  float  altitude  of  36.63  km.  *  1 
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Fig.  16.  Comparison  of  a  0.003  era-1-  resolution  balloon  flight  spectrum  with  line-by¬ 
line  simulations  in  the  region  of  the  v6  band  Q  branch  of  C0F2.  The  solar  spectrum  was 
recorded  from  a  float  altitude  of  36.63  km  with  the  tangent  height  computed  to  be 
21.0  km. 

(NU)  Based  on  the  analysis  of  the  v2  band  of  COF,  at  963  wavenumber  reported  by 
Oewis-Bevan  et  si.  [1985],  4  a  listing  of  predicted  line  positions,  relative 
intensities,  and  lower  state  energies  has  been  generated.  After  scaling  the 
intensities,  simulations  with  these  parameters  show  good  agreement  with  the  new  high 
resolution  laboratory  spectra.  Although  the  predicted  features  of  this  band  are  quite 
weak,  a  few  weak  features  of  this  band  near  955  wavonumoer  have  been  tentatively 
identified  in  the  balloon  flight  spectra. 

3.  Summary  and  Conclusions 

(NU)  Me  have  reported  the  analysis  of  new  infrared  spectroscopic  observations  of 
several  important  stratospheric  trace  gases  obtained  with  a  0.002  wavenumber  resolution 
interferometer  system.  The  molecules  studied  are  HNOj,  C10N02,  HO.,NO,,  N02,  and  COF 
The  stratospheric  solar  spectra,  ground-based  solar  spectra,  and  laboratory  spectra 
reveal  new  details  of  the  absorption  by  these  molecules  in  the  8-  to  12-pm  window 
region,  which  is  important  in  determining  the  radiative  heat  balance  of  the  atmosphere. 
It  has  been  possible  to  assign  numerous  previously  unidentified  features  to  these  gases 
in  the  stratospheric  spectra  and  incorporate  new  spectroscopic  parameters  for  their 
simulation.  Many  of  these  features  are  not  accounted  for  in  the  available  line 
parameters  compilations.  The  excellent  agreement  between  the  highly  precise  laboratory 
and  stratospheric  positions  and  the  broadened  width  of  the  B02.5728  wavenumber  feature 
in  the  flight  data  provide  significant  new  evidence  for  absorption  by  the  H02N02  802.7- 
wavenumber  Q  branch  in  the  lower  stratosphere.  The  improved  resolution  of  the  flight 
measurements  has  also  revealed  additional  dotails  of  the  interference  in  the  C10N02 
780.2  wavenumber  Q  branch  region,  including  the  ldentif ication  of  two  overlapping  HNOj 
features.  New  features  of  other  trace  gases  (e.g.  CF^  in  the  1283  wavenumber  region) 
have  been  identified  in  the  stratospheric  spectra  and  are  currently  under  study. 

(NU)  The  present  work  has  shown  previous  spectral  line  parameters  are  often 
inadequate  at  the  high  resolution  of  the  new  balloon-borne  spectra,  and  new  analysis  of 
high  resolution  laboratory  and  atmospheric  spectra  and  improved  theoretical  calculations 
are  required  for  many  molecular  bands  of  atmospheric  interest.  Such  preliminary  studies 
have  been  presented  here.  Additional  studies  will  be  needed  for  accurate  quantification 
of  the  vertical  profiles  of  these  and  other  gases  in  the  stratosphere  from  high 
resolution  spectra. 
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line  of  eight  to  the  sun.  I  agree  this  is  very  important.  However,  for  low  sun  angloB, 
whan  the  sun  is  near  the  horizon,  the  transmieeion  along  the  line-of-oight  to  the  top 
and  bottom  of  the  solar  disc  can  vary  significantly  and  it  is  necessary  to  account  for 
this  when  simulating  your  measurement  conditions.  Do  you  account  for  this? 
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Ground  measurements  have  been  performed  which  provide  us  with  an  accurate  method  of  measuring  ultra¬ 
violet  radiation  sources  propagating  through  the  atmosphere,  This  method  of  measurement  effectively  mini¬ 
mizes  tne  Influence  of  the  atmosphere  in  tire  detection  of  UV  sources  at  equal  or  greater  altitude  at  the 
specific  time  the  measurements  are  being  made,  allowing  us  to  evaluate  propagation  losses.  Radiation  of 
wavelength  3000-3700  A  was  collected  and  recorded  by  a  UV  imager  mounted  onto  an  18-inah  CaBseqrain  tele¬ 
scope  situated  on  Santa  Ynez  Mountain,  California  at  an  altitude  of  1.26  km  above  sea  level.  Various 
meteorological  and  topographical  conditionc.  determine  the  transmittance  of  the  incident  starlight  throuqh 
the  atmosphere.  Our  measurements  were  taken  under  optimum  conditions  (little  or  no  cloud  cover,  visibility 
greater  than  20  km).  The  atmospheric  transmittance  code  LOTORAN  6  was  used  to  qenerate  transmittance  as  a 
function  of  observation  angle  and  meteorological  range  (quantitative  measurement  of  visibility).  Comparing 
the  measured  intensity  of  one  star  to  its  known  absolute  intensity  above  the  atmosphero  determines  the  trans¬ 
mittance  for  any  point  in  the  sky.  In  addition,  extinction  coefficients  were  measured  at  our  observation 
point  and  at  ground  level  using  a  photometer  and  a  standard  UV  source,  noth  the  stellar  and  photometer  data 
indicate  that  the  meteorological  range  during  our  ten  day  period  of  obem  vation  varied  from  20  to  30  km 
Therefore,  our  method  was  useful  in  accounting  for  changes  in  the  atmosphere.  Under  these  optimun 
viewing  conditions,  ground-based  measurements  of  various  hiqh  altitude  sources  of  radiation  such  aa  rocket 
plumes  or  vehicle  glow  with  a  maximur,  error  due  to  transmission  losses  of  10»  should  be  possible. 


2.  INTRODUCTION 

Atmospheric  effects  in  the  observation  and  identification  of  distant  radiation-emitting  sources  depends 
strongly  on  observation  point  and  existing  meteoroloqic  conditions.  Aerosol  absorption  and  ire) ocular 
scattering  are  main  contributors  to  this  problem.  Since  the  presence  of  the  atmosphere  will  inevitably 
result  In  some  loss  of  transmission,  it  would  be  useful  to  develop  a  method  of  observation  which  will  mini¬ 
mize  the  effects  of  i  ha  atmosphere  in  Intensity  measurements  of  distant  sources.  This  requiros  knowing  the 
state  of  the  atmosphere  accurately  at  the  time  these  measurements  are  being  made  anti  being  able  to  account 
for  any  fluctuations  in  the  data. 

The  computer  code  DCWTHAN  6  which  was  developed  at  the  Geophysics  Laboratory^  has  beon  soon  to 
accurately  calculate  radiances  and  transmlttancua  for  «  wide  ranqe  of  atmospheric  and  seasonal  condition!; 
for  radiation  of  wavelenqth  2000  A  -40  tm.  An  example  of  LOWTRAN's  usefulness  in  making 
trananlttance  calculations  is  shown  in  Fiqurc  1.  Here  transmittance  as  a  Cunction  of  near-UV  wavelenqth 
is  seen  for  observation  out  to  space  from  sea  level  along  a  slant  path  of  45°  elevation.  The  curves  are 
generated  assuninq  a  1962  Standard  atmosphere  with  rural-typo  aerosol  extinction  of  moderate  concentra¬ 
tion.  However,  these  calculated  values  can  only  reflect  the  true  atmospheric  conditions  which  are 
averaged  over  same  finite  time  scale.  If  the  location  of  one's  observation  point  is  subject  to  rapidly 
varying  weather  conditions,  the  error  inherent  in  one's  measurements  may  be  unacceptable. 

Experimental  error  can  be  reduced  if  a  direct  calculation  of  atmospheric  transmittance  can  be  made 
just  prior  to  or  immediately  follcwiriq  the  sot  of  principal  measurements.  Such  transmittance  measurements 
are  possible  by  way  of  several  methods.  One  such  method  is  calculation  of  ground  level  extinction  which 
has  the  advantage  of  being  fairly  accurate  although  somewhat  inconvenient.  A  second  option,  and  one  that 
allows  itself  more  resdlly  to  swift  execution  1b  the  measurement  of  known  stellar  sources.  These  are 
performed  using  the  earns  instrumentation  which  is  Involved  in  the  principal  measurements.  This  procedure 
has  the  further  advantage  of  the  apparent  stellar  intensities  beinq  measurable  over  a  variety  of  slant 
path  geometries,  thereby  allowing  for  azimuthal  as  well  as  altitude-dependent  determination  of  atmo¬ 
spheric  transmissions. 


3.  FIELD  EXPERIMENTS 

In  the  initial  experiment,  measurements  of  stellar  radiation  in  the  wavelength  ranqe  *3000-370(1  A 
were  made  during  the  period  IB-25  January  1989  from  an  obeervation  point  atop  Santa  Ynez  Mountain,  Cali¬ 
fornia  at  an  altitude  of  1,26  km  above  sea  level.  At  this  position,  we  were  above  701  of  the  approximately 
two  kilometer  maritime  boundary  layer.  The  Instrumentation  !e  basically  the  same  os  described  in  q  pre¬ 
vious  paper*.  An  f/7.3,  131  in.  focal  length  Cassegrain  telescope  mounted  on  a  CINE  sextant  is  used  for 
iwrpose  of  light  collection. 

Stellar  sources  were  manually  brought  into  focus  with  the  help  of  a  small  tracking  ocope  mounted 
beside  the  16-in.  Cassegrain.  Several  inches  behind  the  telescope  wan  placed  a  UV  imager  which  consisted 
of  a  filter  wheel  followed  by  the  tnvsje  tube  assembly,  after  which  the  25  mm  diamotor  phosphor  imago  was 
relayed  onto  an  interline  transfer  CCD-type  solid  state  television  camera.  A  magnetic  tape  cassette 
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recorder  was  used  to  store  the  data  (see  Figure  2) .  In  order  to  account  for  the  wide  range  of  intensities 
which  were  to  be  encountered  and  to  prevent  possible  saturation  of  the  photocathode,  the  exposure  time 
for  the  images  could  be  varied  from  one  to  IS  msec.  Stars  of  extremely  strong  intensity  could  be  handled 
with  tlie  addition  of  neutral  density  filters  to  the  basic  band  pass  filter  (see  Figure  3).  One  slot,  in 
the  filter  wheel  was  reserved  for  a  quartz  lens  to  aid  in  the  location  of  very  dim  stars. 

About  one  minute  of  useable  data  was  taken  for  each  star  in  which  the  object  of  the  measurement  was 
to  keep  the  stellar  image  in  the  middle  of  the  video  screen  to  decrease  the  effects  of  optical  aberration 
and  non-uniformities  in  the  image  display.  In  addition,  a  centrally  located  image  made  data  retrieval 
and  subsequent  analysis  more  manageable.  Again,  possible  saturation  of  signal  was  monitored  during  ob¬ 
servation  with  a  portable  voltmeter.  Back  In  the  laboratory,  the  data  was  analyzed  on  a  Zenith  248  uslnq 
a  frame-grabbing  routine  to  freeze  the  tape  frame  and  then  digitize  the  recorded  linage. 

Tho  sums  of  the  analogue  digital  units  ( ADU)  were  recorded  for  each  star  and  calibration  of  our 
imaging  system  yielded  an  equivalent  photon  flux.  Variations  in  the  readinqa,  and  therefore  in  the 
atmosphere  were  observed  ’>y  "snapping"  the  image  of  the  star  for  every  few  seconds  of  real-time  data 
and  comparing  the  resultinq  sums  of  ADUs.  This  point  will  expanded  upon  in  later  sections. 

In  tho  second  part  of  our  experiment,  ground  measurements  of  the  extinction  coefficients  were  per¬ 
formed  using  a  Hanovia  mercury  lamp  as  a  portable  source  of  near-UV  radiation,  the  lamp  was  powered  by  a 
portable  generator  and  was  moved  to  various  distances  away  fran  our  detection  system.  The  source  itself 
was  encased  in  a  plastic  box  with  a  collimated  opening.  The  output  of  the  lamp  approximated  a  point 
source  for  the  distances  involved.  Sightinq  scopes  were  placed  on  source  and  detector  alike  in  order  to 
facilitate  alignment.  After  being  allowed  to  warm  up  for  about  20  minutes,  the  lamp  emitted  at  a  fairly 
constant  intensity,  with  any  such  small  change  beinq  noted  and  accounted  for  in  the  final  analysis.  In 
this  part  of  the  experiment,  detection  was  provided  by  a  solar  blind  tJV  photometer  consisting  of  an  EMR 
photomultiplier  with  RI^Te  photocathode.  Photon  counting  techniques  were  employed  in  measurements  of 
intensity  ae  a  function  of  distance. 

Ground  measurnments  were  performed  at  two  sites;  one  at  the  obervation  point  at  the  top  of  Santa 
Inez  Mountain  along  a  slant  path  of  -6°  with  respect  to  the  horizontal  (Bite  M)  and  at  a  second  point 
located  at  400  feu!  above  sea  level  (Site  L) .  These  latter  measurements  were  made  each  morninq  of  our 
stay  at  Vandonborg  AFB  and  were  taken  in  order  to  give  us  an  idea  of  tho  qeneral  meteorological  range 
(or  visibility,  v)  of  the  area.  Tho  measurements  performed  atop  the  mountain  wore  made  just  previous 
to  stellar  observation.  LOWTRAN  was  used  to  calculate  the  effective  meteoroloqical  ranqo  which  cor¬ 
responds  to  tho  measured  extinction  coefficient,  k  (see  Table  1). 


Table  1.  Measured  values  of  the  extinction  coefficient  along  a  horizontal  path  at  400  feet  above  sea 
level  (Site  L)  and  atop  Santa  Ynez  Mountain  at  an  altitude  of  1.26  km  (Site  M).  The 
equivalent  meteoroloqical  range  (v)  as  calculated  by  IGWTFAN  is  also  listed.  A  1062  Standard 
atmosphere  with  rural  extinction  is  used. 


Date 

local  time 

Site 

Extinction  coefficient  k  (knci) 

Mot.  Range  v  (km) 

18  Jan 

1400 

L 

0.32 

37 

20  Jan 

1030 

Li 

0.21 

100 

21  Jan 

0900 

L 

0.31 

40 

22  Jan 

1100 

L 

0.63 

12 

24  Jan 

0900 

L 

0.62 

14 

20  Jan 

1700 

W 

0.32 

26 

21  Jan 

1600 

M 

0.73 

6 

25  Jan 

0700 

M 

0.27 

30 

It  should  be  noted  how  IDWIRAN  is  able  to  discriminate  betwoen  tho  two  paths  used  in  Table  1.  As 
an  example,  even  thouqh  the  extinction  was  measured  to  be  0.32  km“l  on  IB  Jan  at  Site  L  and  on  20  Jan 
at  Site  M,  the  effective  values  of  v  reflect  the  charge  in  altitude  and  slant  path. 


4.  models 

Table  2  lists  some  of  tho  stars  which  were  visible  during  our  observation  period,  tho  photon  flux  for 
each  star  was  obtained  ftcm  data  of  the  Orbiting  Astronomical  Observatory  (OAOUp  and  represents  the 
Integrated  total  piiotons/  cm2-sec  within  the  3000-3700  A  bandwith  striking  the  top  of  the  atmosphere 
(see  figure  4).  Comparing  our  measured  photon  fluxes  to  those  in  Table  2  qivos  the  transmlttanco  of  the 
atmcwpiiere  for  a  particular  observation  elevation  angle  at  a  certain  point  in  time.  LOWTRAN  can 
then  be  used  to  yield  a  value  of  meteorological  range  which  in  equivalent  to  a  determination  of  aeroeol 
concentration.  The  basic  input  parameters  for  tills  calculation  is  altitude  of  observation  point,  hi; 
elevation  angle  of  sightinq  path  and  an  appropriate  model  atmosphere  snd  aerosol  type. 
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Santa  Vnoz'a  proximity  to  the  Pacific  Ocean  and  various  rural  surroundings  allow  Cor  several  possible 
models.  Rural  extinction  assumes  the  existence  of  the  products  of  reactions  between  various  gases  (water 
soluble  substances,  organic  compounds)  in  the  atmosphere  and  the  presence  of  dust  particles  from  the 
surface.  Maritime  aerosols  are  mostly  sea-salt  particles  with  a  continental  component  similar  to  rural 
models,  but  with  the  larger  particles  eliminated. 

Me  have  gonerated  curves  of  transmittance  T  versus  for  combinations  of  two  different  atmospheres 
and  auroeol  extinction  models  at  varying  aerosol  concent  rat  ions  (see  Table  3)  with  v- 2-100  km,  hi»1.26 
km  and  ^3000-3700 A  .  It  is  seen  that  at  larger  values  of  elevation  angle,  there  ie  little  variation 
in  transmittance  over  a  wide  range  of  vieibilty  values.  Figure  5  shows  that  for  zenith  viewing  angle, 
there  is  no  more  than  a  25%  change  in  the  value  of  transmittance  for  a  tenfold  change  in  meteorological 
range.  Therefore,  short  term  variations  in  the  atmosphere  ere  not  expected  to  be  ironed  lately  observable 
for  Intensity  measurements  made  for  ^  greater  than  60°.  however,  at  -  20°,  transmittance 
can  vary  by  a  factor  of  two  with  the  same  tenfold  change  in  v. 


Table  2.  Integrated  stellar  photon  fluxes  ( k  ■  3000-3700  A  ). 


Star  Photon  flux  $  ( photons/cml-Bec ) 


Sirius  (  a  CMa) 

1.6  x 

10« 

Rigel  (  p  Ori) 

8.0  x 

105 

C  Ori 

3.7  x 

105 

Procyon  ( a  CMi) 

1.9  x 

105 

Cape 11a  ( a  Aur) 

1.0  x 

10*5 

»l  iifia 

9.3  x 

10* 

Arcturua  ( a  Uoo) 

2.6  x 

104 

Polaris  ( u  UMi) 

2.1  x 

10< 

The  transmittance  curves  of  f'lqure  5  are  correspondingly  more  sensitive  to  a  change  in  atmospheric 
model  and  aerosol  type  for  shorter  meteorological  range.  Maritime  extinction  aoroeoi  models  generally 
increase  the  values  of  T  for  different  elevation  angles  by  three  to  four  percent  over  those  for  rural 
extinction.  Midlatitude  winter  profiles  generally  predict  transmittance  values  that  run  about  two  percent 
smaller  than  those  for  the  1962  standard  model.  This  moans  that  the  maximum  error  involved  in  our  trans¬ 
mittance  values  due  to  model  dependence  is  about  six  percent. 

Transmittance  versus  visibility  and  elevation  angle  is  described  by  t.ho  Himplo  equation 


T(v,  u)  -  b(v)  uxp[-L(  U)  A(v)l  ,  (1) 

whoru  b  and  A  are  visibility-dependent  variablest  the  former  is  dlmonsionlens  while  A  has  the  units  of 
an  extinction  coefficient  (km"!).  L(  0)  is  the  lenqth  of  tho  sight  path  through  the  atmosphere  an 
Been  in  figure  6,  and  in  given  by  tho  equation 


I,(  u)  ■  /  K2  aln20+  r2  +  2rK  -  R  sin  0  ,  (2) 


where  tl  is  recognized  as  t.ho  elevation  angle  <bi,  R  is  the  radius  of  the  Knrth  (6370  km),  and  r  is  the 
thlckneus  of  the  atmosphere  (taken  to  be  100  km). 


Table  3.  Model  atmosphere  generated  by  IXJWTRAN  6  and  used  in  this  work. 


Model 

Atmosphere 

Aerosol ( Ext i net ion ) 

A 

1962  Stmxiard 

Rural 

B 

1962  Standard 

Maritime 

C 

Midlatitude  Winter 

Rural 

0 

Midlatitude  Winter 

Maritime 

5.  RESULTS 


Our  observations  are  limited  to  the  nights  of  20,  21  and  25  January  1989.  Attempts  to  collimate 
tho  18  in.  telescope  in  order  to  afford  daytima  viewing  have  been  unsuccessful,  and  so  all  measurements 
will  be  restricted  until  after  twlliqht.  Weather  conditions  at  our  observation  siqht  at  1.26  km  altitude 
wore  for  the  most  part  favorable. 
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Our  analysis  of  the  Vandenberg  data  will  be  confined  to  relative  masuraaenta  of  stellar  intensities 
as  a  function  of  elevation  angle.  This  will  eliminate  any  error  involved  in  the  calibration  of  our  In¬ 
st  tureen  t.  Error  Inherent  to  the  OtO-U  data  or  in  the  calculations  of  total  integrated  photon  fluxes  might 
be  avoided  by  centering  the  signal  from  a  single  star  at  various  elevation  angles.  However,  since  a  time 
lapse  of  one  to  two  hours  Is  needed  in  order  for  a  star  to  rise  or  set  an  appreciable  distance,  this 
outhod  assumes  that  the  atmosphere  is  remaining  fairly  constant  over  this  tins  period.  This  affectively 
removes  study  of  short  teem  variations  in  the  atmosphere.  As  will  bs  seen  in  the  error  analysis  section, 
measurements  taken  at  higher  elevation  angles  tend  to  be  more  reliable  in  that  there  is  consistently  a 
smaller  spread  in  the  data  in  these  cases.  Whenever  possible,  ws  will  work  with  data  taken  at  elevation 
angles  of  at  least  60°.  Unless  otherwise  stated,  Model  A  (Table  3)  will  be  used  fur  all  calculations. 

Three  basic  calculations  will  be  madet 

1)  Determination  of  average  meteorological  range  values  for  the  nights  of  observation, 

2)  Determination  of  short-term  (one  to  two  hours)  variations  in  the  atmosphere, 

3)  Determination  of  long-term  (over  several  days)  variations. 

On  the  nights  of  21  and  25  January,  several  stars  were  observed  in  the  early  evening  sky  and  again 
about  one  hour  later  after  they  had  risen  at  least  10°  in  elevation  angle. 


Table  4.  Photometric  measurements  of  sums  of  analogue  digital  units  (ADU)  for  the  night  of  25  January 
1989  (normalized  to  1  ms  exposure  time). 


Local  Time 

Star 

Elevation  Angle 

Avg.  sun  of  ADI! 

0250 

i|  UMa 

57° 

2293  ±  15% 

Arcturus 

47° 

502  t  20% 

0420 

H  UMa 

71° 

2666  ± 18% 

Arcturus 

650 

580  ±  18% 

If  we  first  asaume  that  the  atmosphere  atop  Santa  Tries  poak  iu  slowly  varying,  wo  may  compare  tht) 
relative  apparent  intensity  of  a  single  star,  r|UMa,  when  it  is  at  (^i«57&  and  again  when  it  has 
risen  to  71°  (see  Table  4).  The  ratio  of  the  apparent  intensities  I  of  Arcturus  when  at  those  two  positions 
is  cctttilated  from  our  data  to  be 


I(  I*,!  -  71°)  T(71°) 

I(  <4l  -  57°)  T(57°> 


1.163  ±  31% 


(3) 


Equation  (3)  Bhows  that  the  ratio  of  the  appsrant  intensities  (or,  equivalently,  photon  fluxes) 
for  one  star  at  two  different  elevation  angles  is  equal  to  the  ratio  of  the  transmifetances  at  those 
two  angles  for  some  choice  of  atmospheric  model.  Using  the  ttanBmittanco  curves  in  Figure  5  puts  the 
meteorological  range  for  25  January  at  about  30-50  kra.  Using  Table  4  and  performing  the  same  calculation 
with  the  data  for  Arcturus  over  the  same  time  period,  wo  get 

T(65°) 

-  .  1,14  t  29%  (4) 

T(47«) 

This  ratio  allows  an  exceptionally  hiqti  value  of  visibility  (v  >  100  km)  to  be  within  the  limits  of 
error,  which  mmnmi  unlikely  by  all  the  other  data  available.  This  may  be  duo  to  a  value  for  the  apparent 
Intensity  of  Arcturus  which  is  inconsistent  with  the  other  value#  measured  at  0420  hrs.  If  this  value 
is  eliminated,  the  ratio  in  Equation  (4)  becomes  1.30  i  20%,  which  yields  v  ~30  km,  which  fallB  into 
lino  with  the  n  UMa  data. 


Table  5.  Photometric  measurements  of  suns  of  analogue  digital  units  (ADU)  for  the  night  of  21  January 
1989  (normalized  to  1  is  exposure  time). 


Local  Time 

Star 

Elevation  Anglo 

Avg.  sun  of 

1745 

Capclla 

50° 

1925  ±5% 

C  ori 

28" 

2307  i  14% 

1900 

Cape 11a 

64° 

2C27  t  10% 

<  Ori 

380 

3793  ±11% 
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Table  5  lists  similar  data  for  the  night  of  21  January  1969.  Generally,  it  is  seen  that  the  data  for 
the  stars  Capelin  and  C  Ori  have  a  smaller  spread  in  the  measured  apparent  intensities.  Analysis  is  the 
sane  as  for  the  25  January  data.  The  rati-,  of  the  intensities  of  Capella  after  it  has  risen  14°  is 

T<64°) 

-  -  1.05  i  111  .  (5) 

T(  50°) 

Using  the  transmittance  curves  In  figure  5,  this  placeB  a  lower  limit  of  tl«e  meteorological  ranqe  at 
v  ■  25  km.  The  C  Ori  data  over  the  same  time  period  yields 


T( 38°) 

-  «  1.65  ±  18%  (6) 

T(28°) 

which  again  pushes  our  value  of  v  closor  to  30  km. 

Variations  in  the  atmosphere  over  this  75  minute  period  on  21  January  may  be  examined  by 
calculating  independent  values  of  v  at  1745  hrs  and  at  1900  hrsi 


T(%1>  Capella)  leap  45  ori 

T(  C  Orl)  i^Ori  tap 

where  I  is  again  the  moasured  apparent  intensity  of  the  star  and  $  is  the  absolute  photon  flux  taken  from 
Table  2.  tor  the  1900  hrs  data,  we  get 

T(64°) 

-  -  1,84  il6%  .  (8) 

T(38°) 


This  now  places  an  upper  limit  on  v  for  21  January  at  35  km.  A  similar  calculation  for  the  early  ovonlnq 
data  (1745  hrs)  yields  v  <  20  km.  Because  the  absolute  stellar  photon  flux  for  Arcturus  varies  very 
rapidly  with  wavelength  in  the  region  3000-3/00  A,  inconsistent  results  are  obtained  when  Equntiixi  7 
is  applied  to  the  data  in  Table  4.  Much  of  the  ottier  data  for  25  January  involves  large  error  in  the 
values  of  I  due  to  observation  at  small  elevation  angles. 


Values  of  extinction  from  ground  measurements  at  Site  M  in  Table  1  indicate  that  the  nights  of  20 
and  25  January  should  be  noticeably  clearer  than  21  January,  but  the  results  are  iust  not  conclusive. 
Calculations  for  20  January  again  indicate  v  »  20-30  km.  However,  further  indications  of  lonq-term  vari¬ 
ations  can  moat  easily  be  investigated  by  soelnq  how  the  apparent  intensity  of  .1  sinqle  star  at  the  sanv 
elevation  angle  varies  from  night  to  night.  Polaris  traces  out  a  counter-clockwisu  path  in  the  sky  at  fin 
elevation  angle  equal  to  tho  northern  latitude  of  one's  observation  point  (34. 5*34  tor  Santa  Ynez  Mountain) 
with  Ac^l  ~  l°»  Measurements  of  the  apparent  Intensity  of  Polaris  for  the  three  nights  were  equal 
within  experimental  error.  Similarly,  due  to  large  error  in  seme  instances,  it  was  not  possiblo  to 
|x»ltively  confirm  short-term  variations  in  the  data.  There  is  some  indication  that  tho  weather  was 
improving  during  the  course  of  the  night  on  21  January  and  similarly  deteriorating  on  25  January,  but 
again  nothing  definite  may  be  concluded  at  this  time. 

Table  6  shows  the  magnitude  of  error  involved  if  a  visibility  of  50  km  is  mistakenly  calculated  to  bo 
25  km,  As  was  noted  earlier,  the  situation  guts  progressively  more  serious  with  sight  paths  approaching 
tho  level  of  tho  horizon. 


Table  6.  Error  in  transmittance  value  as  a  function  of  elevation  angle  between  25  km  and  50  km 
meteorolglcal  ranqe  (Model  A). 


Elevation  anale 

T(v  =  25  km) 

T(v  »  50  kin) 

*  Error 

150 

0.030 

0.043 

43,3 

30° 

0.134 

0.163 

21.6 

60° 

0.284 

0.317 

11.6 

900 

0.330 

0.362 

9.7 

6.  lyXKOK  ANALYSIS 

As  has  been  noted,  the  apparent  Intensity  of  a  star  is  seen  to  fluctuate,  or  "twinkle"  over  very 
short  time  scales.  This  effect  increases  at  the  lower  elevation  angles  as  is  seen  in  the  data  of  25  January 
in  Table  7.  The  observed  Intensity  of  g  OMa  at  an  elevation  angle  of  71°  was  seen  to  vary  by  about  11* 
over  a  24  second  period.  Dy  contrast,  tho  apparent  intensity  of  the  low-iyinq  Vega  ( %i"8°)  wfls 
seen  to  vary  by  up  to  74*  over  a  36  second  period.  This  was  expected  since  at  the  lower  elevation  angle  of 
8°,  the  path  of  observation  corresponds  to  a  colunn  throuqh  the  atmosphere  which  is  five  times  lonqor 
than  for  c^“71°.  This  increases  the  probability  that  light  winds  may  sweep  aerosols  into  and  out  of 
the  line-of-sight.  Correspondingly,  the  orror  in  tho  Sirius  ( ljjj-190)  data  lies  between  these  two 
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angular  extrema.  In  looking  (or  •  furthar  explanation  (or  the  arror  In  these  meaziur  aments,  turbulence 
a((acts  nay  alao  ba  a  consideration,  but  their  contribution  la  not  easy  to  naaaura.  Our  position  on  top  of 
a  mountain  where  winds  ara  a  larga  (actor  in  atmospheric  conditions  tanda  to  naak  tha  rula  which  turbulence 
•((acta  nay  play.  Mao,  tha  fact  that  we  ara  not  'locked*  onto  a  star  during  thaaa  nearauramenta,  but  nust 
instead  depend  upon  our  tale  scope  operator  to  manually  hold  tha  Image  (or  ua  must  ba  taken  into  considera¬ 
tion.  Tha  resulting  fluctuations  (ran  this  movement  In  tha  Image  in  tha  telescope  may  well  ba  larger  than 
competing  affects. 

Table  7.  Fluctuations  in  ADO  measurements  over  time  for  25  January  1989. 

Starj  (hi )  Total  aim  of  ADU 

7<*% 

Vega  (8°)  1527  ±  47j 

Sirius  (19°)  2846  ±34% 

nUMa  (71°)  1493  ±11% 

Calculational  error  is  small  compared  to  these  very  short  term  effects.  The  data  of  OAO-II  has  been 
seen  to  be  accurate  for  \  >  2500  A  and  has  been  used  in  the  calibration  of  the  long  successful  inter¬ 
national  Ultraviolet  Explorer  (IUE)  Project  for  this  wavelength  ranged.  Vtfienever  possible,  our  measurements 
were  made  using  stars  that  exhibit  photon  flux  curves  that  are  flat  with  respect  to  wavelength  as  shown 
in  Figure  4.  A  maximum  error  of  about  4.5%  is  present  In  our  integrated  values  of  piioton  flux  (Table  2) 
since  an  average  value  of  transmittance  over  the  3000-3700  A  band  has  heen  used.  This  error  can  bo  reduced 
by  performing  thoso  calculations  using  tho  formula 

<total(  *3000-3700A)  -  <(>N  M  Tfilt<  ^  Tatm<  ^  (7) 

whore  4>A  ■  +  /  \  ,  Tf-n f  is  tho  filter  transmission  as  given  in  Figure  3,  TQt_  is  tho  wavelength-dependent 
transmittance  of  tho  atmosphere,  and  A  A  may  correspond  to  tho  resolution  of  either  the  OAO- 1 1  data  (20  A) 
or  of  LOWTHAN  ( 20cm-1 ) . 

The  reading  error  in  (hi  1®  about  ±3%  which  corresponds  in  Fiqure  5  to  a  maximum  error  in  trans¬ 
mittance  of  ±2%  (for  30°  <  cj,-|  <  75°,  smaller  outside  of  this  range).  This  error  can  be  reduced, 
and  has  been  in  sans  cases  presented  hare,  by  using  a  cerputer  code  that  employs  a  rotation  of  reference 
frames  to  convert  the  right  ascension  (RA)  and  dealination  (EEC)  of  any  star  into  its  apparent  position 
in  the  sky.  Table  8  shows  the  position  of  capella  (RA-5.22  hrs,  DE045.950)5  as  a  function  of  time 
for  the  night  of  21  January  at  Santa  Ynoz  Mountain  (34.5°  N  lot). 

Finally,  calculating  relative  transmittances  using  Equation  (l)  to  fit  the  curves  of  Fiqure  5 
introduces  about  2%  error  in  the  value  of  T.  Therefore,  taking  all  presont  error  into  account,  wo  find 
that  for  look  angles  greater  than  60°,  our  values  for  transmittance  should  he  accurate  to  within  15%  at 
any  time,  agreeing  with  the  entries  in  Table  6. 


Table  8.  Position  in  sky  of  Capella  for  the  night  of  21  January  (34.5°  N.  latitude) 


Time  (hrs) 

Azimuthal  Position 

Elevation  Anq 

1600 

37.11°  N  of  E 

31.20° 

1700 

33.86°  N  of  E 

41.28° 

1800 

32.47°  N  of  E 

51.65° 

1900 

34.41°  N  of  E 

62.01° 

2000 

44.37°  N  of  E 

71.70° 

2100 

76.87°  N  of  E 

78.19° 

2200 

33.17°  W  of  N 

75.75° 

2300 

52.08°  W  of  N 

67.13° 

7,  CONCLUSIONS 

Whenever  feasible,  wa  see  that  measurements  of  meteorological  ranqe  are  most  accurato  for  0  >  60°. 
However,  if  nwasurerwnte  must  bo  made  at  lower  angles,  the  above-doscribed  method  of  stellar  observation 
provides  the  advantage  of  allowing  the  obeerver  wane  idea  of  the  error  Involved  in  his  measurements) 

Cor  any  spatial  point.  This  is  Illustrated  by  the  values  in  Table  7.  Using  ground  measurements  of 
extinction,  it  was  seen  that  the  visibility  on  20  January  was  about  four  times  greater  than  that  of  the 
following  night.  In  fact,  the  relatively  high  value  of  k  -  0.73  km-1  which  was  measured  on  21  January 
was  due  to  a  diffuse  fog  lying  Just  around  the  top  of  the  mountain.  However,  by  the  time  stellar  measure¬ 
ments  were  made  one  hour  later,  this  mist  had  dissipated,  leaving  a  fairly  clear  sky.  Conversely,  ulthouqh 
ground  visibility  was  good  at  Site  M  on  20  January  (k  -  0.33  km-1),  high  citrus  clouds  made  atellar 
observation  impossible. 
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The  relative  results  presented  here  give  seme  insight  into  whet  problems  may  be  expected  in  our 
measurements  of  UV  rad It ion  through  the  atmosphere.  Ideally,  one  would  like  to  be  able  to  observe  a 
single  star  at  sane  point  in  the  sky  and  be  able  to  calculate  a  value  for  T  at  any  othar  apatial  location, 
uowover,  since  terrain  plays  an  important  part  in  these  calculations,  ttying  to  relate  the  value  of  T  at 
two  widely  soparted  points  in  this  way  may  lead  to  inconsistent  results. 

The  results  presented  here  represent  only  a  small  part  of  the  data  analysis.  Further  study  of  the 
error  due  to  short  terra  variations  in  the  atmosphere  as  shown  in  Table  7  is  needed.  Wa  have  yet  to 
reduce  this  data. 

The  period  of  18-25  January  was  one  of  relatively  clear  weather  and  high  visibility.  Those  conditions 
were  needed  for  the  initial  set  of  calculations.  As  our  methods  improve,  we  plan  to  repeat  these  experi¬ 
ments  at  different  altitudes  and  during  different  seasons.  This  will  allow  us  to  perform  measurements 
under  a  wide  range  of  conditions.  Stellar  measurements  were  made  under  Iobs  favorablo  conditions  during 
a  two-week  period  in  September  1988  at  Tranquillion  Peak,  California  (0.75  km  above  sea  level).  Wa  were 
able  to  determine  that  the  average  meteorological  range  for  this  location  and  time  frame  was  on  the 
order  of  10  km.  In  addition,  weather  conditions  tended  to  be  quite  volatile,  changlnq  from  clear  sky 
to  total  cloud  cover  and  rain  wi,thin  an  hour  in  some  cases. 

Our  detection  system,  while  being  adequate  for  the  purposes  described  above,  becomes  very  important 
when  tlio  observation  of  very  distant  sources  becomes  necessary.  Thu  spatial  resolution  of  a  single  pixel 
is  10  rad  which  is  equivalent  to  five  meter  resolution  at  500  km  distance.  This  ability  couplod  to 
our  method  of  stellar  transmission  measuranents  makes  the  system  a  powerful  tool  in  the  quantitative 
study  of  remote  sources  of  UV  radiation. 

As  a  final  note,  it  should  be  omphasized  that  these  maasuremonts  are  only  the  first  iteration  and 
that  absolute  photometric  measurements  will  bring  an  improvement  in  our  methods  as  long  as  the  choice 
of  atmospheric  model  is  appropriate.  Relative  measurements,  while  useful  in  relaxing  the  model-dependence 
of  the  calculations,  can  hide  inconsistencies  in  the  data  that  will  be  exposed  by  absolute  results. 
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Figure  1.  Itotal  and  partial  tranard  ttarsces  due  to  ozone  absorption,  molecular  scattering  and  aerosol 
absorption  in  the  Earth's  atmosphere.  A  1962  Standard  Atmosphere  with  rural  extinction  is 
used.  Meteorological  range  is  23  km,  elevation  angle  is  45°  and  \ »30UD-4000 A  . 
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Figure  2.  Experimental  set-up  of  teloscope-UV  imago.— video  monitor. 
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Figure  3.  Transmission  curve  for  primary  filter  used  in  the  experiment.  Atmospheric  ozone  cuts  off 
at  3000  a  . 
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ft3ut;e  4-  Sairple  photon  flux  curve  for  Procyon  (  «CMi).  For  A  >  3000  A  ,  «x  ~1.3xl0"8  erqs/cm^-sec-  A 
(Fteproduced  fran  Code  and  Meade,  Refemce  3.) 
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ELEVATION  ANGLE 


Fiquri  5^  Transmittance  as  a  function  of  elevation  angle  for  v  «  2,  5,  15,  25,  50  and  100  km.  Curves 
use  atmospheric  model  \  with  hi  «  1.26  km,  \  »3000-3700  A . 
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DISCUSSION 


R.  DIRS CHS RL 

Hava  you  looked  at  atmospheric  transmission  in  the  "solar-blind"  wavelength  region  with 
your  instrumentation? 

AUTHOR'S  RBPIiY 

The  ozone  absorption  in  the  atmosphere  outs  off  all  transmission  of  radiation  from 
space  for  wavelengths  shorter  than  0.3  microns.  We  have  not  looked  for  transmission 
below  this  cut-off. 
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SUMMARY 

A  propagation  experiment  over  exceptionally  flat  farm  land  was  performed  near  Flatville,  Illinois  [1] 
and  [2],  Extensive  micrometeoiological  (hereafter  abbreviated  as  mlcromet)  measurements  were  made 
simultaneously.  Because  of  the  excellent  horizontal  homogeneity  of  the  site,  these  micromet  data  determine 
the  turbulence  statistics  along  the  entire  propagation  path.  Instrumentation  for  measurements  of  rain  as  well 
as  fog  and  snow  were  deployed  [2].  There  were  five  experiment  sessions,  each  about  a  month  long.  Several 
millimeter-wave  frequencies  between  116  and  230  OHz  were  used.  Results  for  data  during  inclement 
weather  were  reported  in  [2], 

Below  we  review  some  results  of  these  studies  and  present  new  results  for  temporal  spectra  of 
intensity  and  phase  difference  obtained  during  precipitation. 

THE  EXPERIMENT 

Figure  1  shows  the  experiment  layout.  The  milUmeter-wave  beam  propagated  a  distance  of  1374  m 
at  a  uniform  height  of  3.68  m  ±  0.1  m  from  the  transmitter  van  to  the  receiver  antennas.  There  were  four 
receiving  antennas,  hence  six  antenna  pairs.  The  separations  of  the  receiving  antennas  ranged  from  1.4  to  10 
m.  The  millimeter-wave  intensity  was  measured  at  each  of  the  four  antennas,  and  the  phase  difference 
between  antennas  was  obtained  for  each  antenna  pair.  The  two  overlapping  optical  propagation  paths  In  Fig. 

1  were  670  m  each  at  a  height  of  3.78  m.  These  gave  the  path-averaged  optica!  refractive-index  structure 
parameter  (Cj)  as  well  as  the  cross-path  component  of  the  wind, 

Locations  of  instrumented  towers  denoted  as  meteorological  stations  (met.  sta.)  1  and  2  ore  shown  in 
Fig.  1.  At  these  stations  the  mean  temperature  and  humidity  were  recorded  from  psychrometers,  a  propeller- 
vane  anemometer  gave  wind  speed  and  direction,  a  three-axis  sonic  anemometer  gave  the  fluctuating 
components  of  tire  wind  vector,  platinum  resistance-wire  thermometer*  gave  the  fluctuating  temperature,  and 
Lyman-a  hygrometers  recorded  the  humidity  fluctuations.  During  precipitation  only  the  data  from  the 
psychrometers  and  propeller-vane  anemometers  are  reliable. 

Weighing-bucket  rain  gauges  and  optical  rain  gauges  were  deployed  as  shown  in  Fig.  1.  Several  rain 
rale  and  particle-sizing  instruments  were  deployed  near  the  millimeter-wave  receiver  as  described  in  12]. 

RESULTS 

In  (1]  we  presented  data  for  the  effects  of  clear-a'r  turbulence  when  refraction  fluctuations  dominated 
the  propagation  statistics.  The  intensity  variances  and  phase  difference  variances  were  shown  to  be  in 
agreement  with  scattering  theory.  The  probability  density  functions  (PDFs)  of  intensity  was  closely 
lognormal,  and  the  PDF  of  phase  difference  was  normal.  However,  the  Intensity  variances  are  not 
adequately  described  by  current  theory  when  absorption  fluctuations  have  a  significant  effect  on  intensity 
fluctuations;  the  intensity  PDFs  are  nn  longer  lognormal,  but  are  peculiar  to  the  data  run. 

Effects  of  absorption  fluctuations  are  evident  in  temporal  frequency  spectra.  Figure  2  shows  a 
measured  intensity  spectrum  as  a  function  of  temporal  frequency  in  hertz.  The  high-frequency  part  of  the 
speclium  is  the  solid  curve  in  Fig.  2;  it  is  caused  by  clear-air  refraction  fluctuations.  It  is  accurately 
described  by  the  spherical-wave  theory  developed  in  Refs,  |3]  and  [6];  this  theory,  including  the  effect  of 
aperture  averaging  [3],  gives  the  dashed  curve  in  Fig.  2.  If  aperture  averaging  is  neglected,  then  the 
theoretical  curve  would  lie  on  top  of  the  f*/J  asymptote,  shown  as  the  solid  line  In  Fig,  2,  thereby  predicting 
too  great  spectral  valves  at  tire  highest  frequencies.  The  theoretical  curve  is  positioned  horizontally  as 
required  by  the  value  of  the  cross-path  wind  component.  During  the  data  tun  giving  Fig.  2,  there  was  a 
sudden  increase  in  t!>c  humidity  along  the  entire  propagation  path.  Tire  lugh-frequency  measured  spect'  im  in 
Fig.  2  was  obtained  from  the  first  half  of  the  time  series  prior  to  the  increase  in  humidity.  The  spectrum 
over  the  whole  time  scries  gives  the  dashed  curve  and  continues  to  higher  frequencies  in  a  manner  nearly 
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identical  to  the  high-frequency  solid  curve.  The  dashed  low-frequency  part  of  the  spectrum  arises  from  the 
sudden  increase  in  humidity,  and  accounts  for  nearly  all  the  intensity  variance  over  the  whole  time  series. 

The  effect  of  absorption  fluctuations  is  typically  described  by  theory  that  is  applicable  to  absorption 
fluctuations  of  size  much  smaller  than  the  propagation  path;  therefore,  the  event  which  produced  Fig.  2  is  not 
described  by  existing  theory.  Such  an  event  produces  an  intensity  PDF  that  is  not  lognormal. 

Figure  3  shows  three  simultaneously  measured  phase-difference  temporal  spectra.  These  spectra  are 
obtained  from  the  same  data  ran  that  gave  Fig.  2.  The  phase  differences  in  Fig.  3  were  obtained  from 
antennas  separated  horizontally  by  1.4,  4.3,  and  10.0  m.  These  spectra  correspond  to  clear-air  turbulence 
conditions  in  the  absence  of  precipitation.  It  is  seen  that  the  low-frequency  content  of  tire  spectra  grows  as 
the  antenna  separation  increases;  the  phase-difference  variance  increases  correspondingly.  This  is,  of  course, 
because  the  difference  between  spaced  antennas  gives  a  high-pass  spatial  filter  which,  according  to  the  frozen- 
flow  hypothesis,  is  equivalent  to  a  high-pass  temporal  filter.  The  corresponding  theoretical  spectra  [3]  are 
over-plotted  in  Fig.  3;  their  horizontal  position  is  as  required  by  the  measured  mean  cross-path  wind 
component  and  the  frozen-flow  hypothesis.  The  set  of  three  theoretical  spectre  is  shifted  vertically  to  match 
the  data;  the  positions  of  these  three  spectra  relative  to  each  other  are  fixed  as  required  by  theory,  A  Von 
Karman  refractive-index  spectrum  with  a  2.8-m  outer  scale  is  used  lor  the  theoretical  calculation;  a  larger 
outer  scale  would  produce  greater  values  at  low  frequencies  in  the  theoretical  phase-difference  spectre  of  Fig. 

3.  Absorption  fluctuations  have  negligible  effect  on  phase-difference  spectra  [3]. 

Figure  4  shows  a  temporal  spectrum  of  Intensity  illustrating  three  effects.  At  the  highest  frequencies 
an  enhancement  caused  by  scattering  by  raindrops  is  evident.  This  was  first  identified  in  these  data  by  A.D. 
Sarnia  [4],  The  average  rain  rate  was  about  3  mm  h‘.  A  theory  for  the  temporal  spectrum  caused  by  rain 
scattering  is  given  in  [5];  however,  the  theory  [3]  applies  for  drops  that  are  much  larger  than  the  wavelength, 
which  is  not  our  case.  This  theory  predicts  that  W,(f)  is  independent  of  f  at  low  temporal  frequencies;  this  is 
represented  by  the  f1  asymptote  in  Fig,  4.  The  theory  [5]  predicts  a  rapid  decrease  of  W,(f)  for  f  t  1  kHz; 
the  rapid  decrease  in  Fig.  4  at  much  lower  temporal  frequencies  than  1  kHz  is  probably  the  effect  of  aperture 
averaging. 

The  second  effect  evident  in  Fig.  4  is  in  the  frequency  range  from  about  5  x  10J  Hz  to  2  Hz;  this 
effect  is  caused  by  turbulent  fluctuations  in  the  real  part  of  the  refractive  index  of  the  air;  it  would  exist  even 
in  the  absence  of  rain.  This  effect  is  described  in  numerous  experimental  and  theoretical  papers  [3],  Our 
wave  is  diverged  so  the  spherical-wave  spectrum  [6]  is  a  good  approximation;  this  is  shown  in  Fig.  4.  The 
failure  of  this  theory  to  match  the  data  is  caused  by  the  parallel  alignment  of  the  wind  to  the  propagation 
path;  the  average  cross-path  wind  component  was  0.4  m  s'1  but  the  mean  wind  speed  was  3  m  s'.  The 
fluctuations  of  the  cross-path  wind  component  were  comparable  with  its  mean  value  of  0.4  m  s'1;  also, 
instances  occurred  when  the  local  wind  blew  across  path  in  the  opposite  direction  from  the  average  direction. 
On  the  other  hand,  theories  such  as  those  in  [6]  and  [3]  require  steady  cross-path  wind,  although  it  may  have 
a  different  value  at  different  positions  along  the  path,  because  such  theories  obtain  the  temporal  spectrum 
from  a  translation  of  the  spatial  spectrum.  Tatarskii  [7]  gave  a  partial  theory  for  the  case  of  fluctuating 
cross-path  wind  and  plane  wave  propagation.  Figure  2  shows  that  the  theory  in  [6]  is  an  excellent 
approximation  for  the  high-frequency  refraction-fluctuation-induced  spectrum  In  the  case  of  steady  cross-path 
wind.  Clearly,  Fig.  4  shows  that  the  effect  of  cross-path  wind  fluctuations  causes  a  spreading  of  the  clear-air- 
turbuknce-induccd  spectrum.  It  is  fortunate  that  (lie  wind  was  nearly  parallel  (o  the  propagation  path;  if  the  5 
m  s’*  wind  had  been  perpendicular  to  the  path,  then  the  tuibulence-lnduced  portion  of  the  temporal  spectrum 
would  be  displaced  toward  higher  frequencies  in  Fig.  4  by  more  than  a  factor  of  10,  thereby  obscuring  the 
raindrop  scattering  effects. 

The  third  effect  shown  in  Fig.  4  occurs  at  temporal  frequencies  less  than  about  5  x  101  Hz. 

Temporal  variations  in  rain  rale  cause  variations  of  path-integrated  absorption,  which  in  (urn  cause  this  low- 
frequency  enhancement  of  the  spectrum  in  Fig.  4.  Variation  of  clear-air  absorption  (say  by  water  vapor)  is  a 
well-known  cause  of  similar  low-frequency  enhancements  of  intensity  temporal  spectra  for  millimeter  waves 
(as  in  Fig.  2);  receiver  drift  is  another  possible  cause.  For  the  data  in  Fig.  4,  we  know  that  variation  of  rain 
rate  is  the  cause  rather  than  clear-air  absorption  because  measured  rain  rate  and  millimeter-wave  intensity 
follow  each  other  in  a  negatively  correlated  manner.  In  fact,  oscillations  in  rain  rale  were  observed  [8]  that 
can  account  for  the  spectnd  peak  near  10^  Hz  in  Fig.  4. 

Figure  5  shows  a  phase-difference  temporal  spectrum  corresponding  to  the  data  shown  in  Fig.  4.  The 
phase  difference  was  obtained  from  antennas  spaced  i.4-m  apart,  horizontally.  A  theoretical  phase-difference 
spectrum  calculated  using  a  2.8-m  outer  scale  is  also  shown  in  Fig.  5.  The  phase-difference  spectrum  induced 
by  fluctuations  in  the  real  part  of  the  refractive  index  is  wider  than  the  corresponding  intensity  spectrum.  The 
effects  of  cross-path  wind  variability  are  tlterefcre  much  less  evident  in  the  phase-difference  spectrum  of  Fig. 

3  than  in  the  intensity  spectrum  of  Fig.  4.  A  high-frequency  enhancement  caused  by  raindrop  scattering  is 
also  seen  in  Fig.  3.  This  enhancement  has  a  ragged  appearance  because  of  spectral  spikes  caused  by 
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mechanical  vibrations  of  the  steel  beam  on  whkh  the  antennas  were  mounted.  If  phase  is  measured  with  a 
single  antenna,  variation  of  path-integrated  refraction  can  produce  low-frequency  enhancement  in  single- 
antenna  phase  temporal  spectra  analogous  to  that  caused  in  intensity  spectre  by  variation  of  path-integrated 
absorption.  Taking  the  difference  of  phases  between  spaced  antennas  eliminates  this  low-frequency 
enhancement;  none  is  seen  in  Fig.  3. 

Figure  4  shows  that  all  three  effects  give  appreciable  contributions  to  the  intensity  variance.  On  the 
other  hand,  Fig.  5  shows  that  the  phase-difference  variance  is  dominated  by  the  all -turbulence  effect  and  that 
nun  scattering  has  a  negligible  effect.  For  greater  separations  of  antennas  the  contribution  of  turbulence  to 
the  phase -difference  variance  is  observed  to  increase,  but  the  contribution  by  raindrop  scattering  is  observed  to 
decrease. 

Figure  6  shows  a  measured  temporal  spectrum  of  intensity  obtained  during  a  mixture  of  drizzle,  wet 
snow,  and  patchy  fog.  The  average  precipitation  rate  is  about  1  mm  h'1.  The  clear-air  turbulence-induced 
theoretical  spectrum  is  given  by  the  dashed  curve;  as  in  Figs.  2  and  4,  this  curve  is  positioned  on  the 
horizontal  axis  as  required  by  the  cross-path  wind  speed  and  moved  vertically  to  match  the  measured 
spectrum.  The  wind  was  steady  in  direction  and  nearly  straight  from  the  east  (and  thus  perpendicular  to  the 
propagation  path).  The  speed  from  the  propeller-vane  anemometers  varied  from  0,7  to  1.3  m  s'1  for  the  data 
In  Fig.  6.  Perhaps  pari  of  the  measured  spectrum  in  this  figure  can  be  attributed  to  dear-air  turbulence; 
however,  clear-air  refraction  fluctuations  might  contribute  much  less  than  is  indicated  by  the  dashed  curve. 
There  is  an  enhancement  of  the  spectrum  at  frequencies  greater  than  3  Hz  which  could  be  attributed  to 
scattering  by  rain  drops;  a  line  corresponding  to  an  f 1  asymptote  is  given  for  comparison  in  Fig.  6.  This 
interpretation  is  the  same  as  for  Fig.  4.  However,  the  data  in  Fig.  6  contain  so  much  noise  that  the  spectrum 
may  be  entirely  noise  at  frequencies  exceeding  3  Hz.  The  spectrum  Is  not  plotted  in  Fig.  6  for  frequencies 
from  20  to  30  Hz  because  of  large  noise  spikes  [2],  The  features  of  (he  millimeter-wave  intensity  time  series 
over  the  data  run  are  very  similar  to  the  inverted  time  series  from  the  two  optical  rain  gauges.  This  suggests 
that  the  large  low-frequency  bump  In  Fig.  6  is  due  to  path-integrated  rain-induced  attenuation  [2].  The 
intensity  variance  is  obviously  dominated  by  this  low-frequency  effect.  The  psychrometen  showed  very  little 
variation  of  humidity  and  temperature  during  the  run,  so  wo  conclude  that  the  low-frequency  effect  Is  not  due 
to  dear-air  absorption  fluctuations. 

One  phase-difference  temporal  spectrum  from  data  obtained  simultaneously  with  that  produdng  the 
intensity  spectrum  in  Fig.  6  Is  presented  in  [2];  reference  [2]  suggests  that  the  phase-difference  spectrum  was 
caused  by  clear-alr  turbulence  (excluding  raindrop  scattering).  However,  when  the  phase-difference  data  are 
considered  as  In  Fig.  3,  the  measured  spectra  do  not  compare  with  each  other  in  a  manner  consistent  with 
dear-air  turbulence,  nor  do  they  compare  reasonably  with  the  theoretical  spectra.  Moreover,  the  phase- 
difference  time  series  were  peculiar,  suggesting  instrumental  difficulties.  Also,  these  spectra  have 
extraordinarily  large  nolle  spikes  due  to  mechanical  vibrations  at  3-30  Hz  (Nyquist);  the  antialiasing  filtering 
was,  by  error,  inadequate  to  prevent  aliasing  of  any  such  vibration  noise  (or  other  noise  sources)  that  might 
have  existed  from  30  to  100  Hz.  Thus  we  conclude  that  the  phase  difference  spectra  were  contaminated  by 
noise,  possibly  from  several  noise  sources.  This  deduction,  is  well  as  (he  discussion  of  Fig.  6,  is  a 
reinterpretation  of  the  data  presented  In  [2], 

Figure  7  shows  the  intensity  temporal  spectrum  obtained  from  conditions  of  blowing  snow.  The 
corresponding  clear-air  turbulence  theoretical  spectrum  Is  plotted  as  the  dashed  curve;  this  curve  is  aligned 
horizontally  as  required  by  the  mean  value  of  the  cross-path  wind  component,  and  it  Is  displaced  vertically  to 
match  the  data.  The  mean  wind  was  blowing  from  24s  west  of  north  at  a  speed  of  14.4  m  s';  its  mean 
cross-path  component  was  therefore  about  6  m  s  '.  Because  of  the  small  mean  angle  of  24°  between  the 
propagation  path  and  the  mean  wind  direction,  the  crow-path  component  varied  during  the  run.  Thus  we 
expect  some  spreading  of  the  part  of  the  measured  temporal  spectrum  whkh  is  caused  by  clear-air  refraction 
fluctuations  (the  air  excluding  the  snow).  However,  this  variability  of  wind  and  the  spreading  effect  are  much 
leas  than  is  shown  in  Fig.  4. 

In  Fig.  7  there  is  an  enhancement  relative  to  the  dashed  theoretical  curve  at  frequencies  exceeding  10 
Hz.  It  is  likely  that  this  enhancement  Is  caused  by  scattering  from  snow  particles,  although  there  is  some 
noise  at  frequencies  greater  than  20  Hz.  Figure  7  shows  that  most  of  the  intensity  variance  derives  from  the 
large  feature  at  frequencies  less  than  0.3  Hz.  There  are  four  likely  reasons  for  this  feature.  First,  receiver  or 
transmitter  drill  may  cause  it.  Hie  intensities  measured  from  separate  antennas  liave  very  similar  long-term 
behavior  for  this  data  run,  so  receiver  drift  seems  unlikely;  transmitter  drift  cannot  be  assessed.  Second,  this 
feature  could  be  due  to  absorption  fluctuations  caused  by  temperature  and  humidity  fluctuations  in  the  air 
(excluding  snow  particles).  However,  the  peyduometen  measured  exceptionally  stable  values  of  temperature 
and  humidity  so  this  is  not  a  likely  cause  (barring  malfunctions  of  the  psychrometer,  such  as  dry  bulbs 
collecting  Ice  deposits  or  iced  bulbs  becoming  ice  free).  Third,  wet  snow  had  fallen  earlier  in  the  day  when 
the  temperature  was  -3°C;  the  conditions  during  the  data  run  corresponding  to  Fig.  7  were  blowing  and 
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drifting  snow  and  an  air  temperature  of  -^C;  it  may  be  that  an  underlying  icy  surface  had  formed  that  was 
sufficient  to  cause  reflections  of  the  millimeter-wave  beam.  Interference  between  direct  and  reflected  beams 
can  produce  intensity  fluctuations;  such  fluctuations  might  be  enhanced  by  drifting  snow  alternately  covering 
and  exposing  patches  of  the  icy  surface.  Fourth,  this  feature  in  Fig.  7  may  be  due  to  palh-avcragcd 
attenuation  fluctuations  caused  by  the  snow  particles.  It  is  probable  that  either  multipath  interference  or 
snow-induced  attenuation  caused  this  low-frequency  behavior. 

Three  phase-difference  temporal  spectra  are  shown  In  Fig.  8  for  horizontal  antenna  separations  of  1.4, 
4.3,  and  10.0  m.  These  spectra  are  from  data  obtained  simultaneously  with  the  intensity  data  that  yielded  Fig. 
7.  Hie  corresponding  theoretical  spectra  arising  from  fluctuations  in  the  real  part  of  (he  refractive  index  of 
air  (excluding  snow  particles)  are  shown  as  dashed  curves.  As  in  Fig.  3,  the  theoretical  curves  are  aligned 
horizontally  as  required  by  the  mean  value  of  the  cross-path  wind  component,  and  are  displaced  vertically  lo 
match  the  data;  however,  the  three  theoretical  curves  are  fixed  in  position  relative  to  each  other  as  required 
by  die  theory.  The  outer  scale  was  assumed  to  be  2.8  m  for  the  theoretical  curves.  When  measured  clear-air 
turbulence  spectra  caused  by  refraction  fluctuations  are  graphed  as  In  Figs.  7.  and  3,  the  ratio  of  the  maximum 
of  die  phase-difference  spectrum  for  the  1.4-m  antenna  separation  to  the  maximum  of  the  intensity  spectrum 
is  about  2.4;  this  value  depends  weakly  on  the  outer  scale,  but  not  on  the  refractive-index  structure  parameter. 
The  ratio  of  corresponding  maxima  in  Figs.  7  and  8  is  in  good  agreement  with  this  value  of  2.4.  This 
supports  the  hypothesis  that  the  high-frequency  bump  in  the  Intensity  spectrum  of  Fig.  7  and  at  least  pnit  of 
the  phase-difference  spectra  in  Fig.  8  are  due  lo  fluctuations  in  the  real  part  of  die  refractive  index  of  die  air 
(excluding  snow  particles).  However,  the  phase  difference  spectra  in  Fig.  8  have  for  more  low-frequency 
content  than  predicted  by  cleor-air  turbulence  Uieory.  Tills  might  be  due  to  receiver  drift  (independent  of 
whether  the  intensity  temporal  spectrum  suffers  from  such  drift)  or  it  could  be  due  to  multlpadi  interference 
(which  can  support  the  idea  that  the  intensity  spectrum  is  affected  by  multipath  interference). 

At  frequencies  exceeding  3  Hz  the  spikes  raused  by  mechanical  vibrations  are  evident  in  Fig.  8. 
(These  huve  been  described  in  connection  with  Fig.  S.)  Perhaps  the  spectral  level  in  the  gaps  between  the 
spikes  in  Fig.  8  is  caused  by  scattering  by  snow  particles,  particularly  because  this  spectral  level  is  greater  for 
the  two  smaller  antciinu  separations  than  for  die  10.0  m  separation.  However,  this  is  very  spcculndvc  because 
of  the  strong  noise  spikes.  The  discussion  of  Figs.  7  and  8  is  a  reinterpretation  of  the  data  presented  in  [2]. 
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Fig.  1.  The  inurnment  positions  al  the  experiment  die. 

The  deeded  end  dotted  line  denote!  the  millimeter-wave 
propagation  path  (1.374  km);  the  long -dashed  Unea, 
the  optical  propagation  palha  (670  m  each);  and  the 
abort -daubed  Unea,  the  optical  rain  gauge  palha 
(50  m  each).  Solid  Unea  ahow  the  (low  of  micro- 
meteorological  data  to  the  data  acqulaitlon  system 
in  the  receiver  trailer.  Antennaa  are  numbered  I 
to  3  in  the  receiver  trailer. 


Fig.  2.  Intensity  apectnim  from  clear-air-tuibulence  condition! 
Illtnlrallng  the  effect  of  a  change  In  absorption  during 
the  dale  ran. 


«  (Hz) 


Fig  3.  Three  phase-difference  apectra  corresponding  to  the  dale  Fig.  4.  Intensity  apectrum  obtained  during  rain. 

In  Fig.  2,  including  (heir  theoretical  spectra. 
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SUMMARY 

A  500  m  propagation  range  has  been  developed  with  transmission  links  operating  at 
frequencies  of  37,  57,  97,  137  and  210  GHz  and  at  wavelengths  of  10,6  and  0.63  pm.  A 
comprehensive  set  of  meteorological  observations  includes  rainfall  and  snowfall  rates, 
raindrop  size  distributions,  temperature  and  humidity,  microwave  refractive  index, 
surface  pressure  and  wind  velocity.  Measurements  from  the  range  are  being  used  to 
aompile  an  extensive  propagation  and  meteorological  database  with  which  a  variety  of 
studies  are  being  carried  out;  these  include  detailed  investigations  into  individual 
events,  aimed  towards  obtaining  a  deeper  understanding  of  the  interaction  between 
electromagnetic  radiation  and  the  prevailing  meteorological  phenomena  such  as  rain, 
enow,  fog  and  atmospheric  turbulonce.  Statistical  analyais  of  the  database,  on  the 
other  hand,  is  directed  towards  obtaining  information  on  the  reliability  of  future 
communications  systems,  so  that  avarags  and  extreme  values  of  systems  performance  can 
be  assessed.  Such  studies  facilitate  the  development  of  prediction  procedures  based  on 
existing  meteorological  data  for  future  systems  planning,  and  an  assessment  of  the 
relative  merits  of  different  wavebands,  important  to  the  increasing  development  and 
deployment  of  multi-spectral  sensors. 


1 .  INTRODUCTION 

The  continuing  and  ever-increasing  requirement  for  new  communication:)  systems, 
with  higher  data-ratas  and  thus  wider  bandwidths,  imposes  severe  demands  on  the  elec¬ 
tromagnetic  spectrum.  Although  a  ro-useable  resource,  the  spectrum  as  at  present 
utilized  is  becoming  over-populated  and  congested,  loading  to  additional  problems  and 
constraints  such  as  interference  between  adjacent  channels  and  restricted  bandwidths 
(and  thus  channel  capacity) ,  In  order  to  a c commodate  new  systems  development  and  an 
expansion  in  communications  channel  capacities  it  becomes  necessary  to  consider 
exploitation  and  utilization  of  higher  and  higher  frequencies,  extending  well  into  the 
millimetre-wavelength  regions  of  the  electromagnetic  spectrum.  These  regions  are  now 
becoming  more  accessible  for  communications  systems  through  recant  advances  and 
developments  in  component  and  systems  technology,  which  is  improving  the  availability 
of  cost-effective,  reliable  and  compact  hardware  and  thus  creating  new  opportunities 
and  possibilities  hitherto  either  not  achievable  or  not  practicable  at  lower 
frequencies . 

At  the  higher  frequencies,  however,  a  number  of  additional  factors,  not  generally 
considered  at  the  longer  wavelengths  currently  in  commercial  use,  can  impact  rather 
dramatically  on  the  capability  and  reliability  of  future  communications  systems,  which 
need  to  be  included  in  the  assessment  and/or  design  of  such  systems.  The  most 
important  of  these  are  the  influences  of  stmospherio  gases  and  the  prevailing 
meteorology.  At  frequencies  above  about  10  GHz,  electromagnetic  radiation  begins  to 
interact  with  the  neutral  atmosphere  (primarily  in  the  troposphere)  and  with  the 
various  mateorologioal  phenomena,  in  particular  hydrometeors  in  tne  form  of 
precipitation,  giving  rise  to  additional  sources  of  signal  attenuation  which  must  be 
considered  in  the  design  of  high-frequency  communications  systems.  Gaseous 
attenuation,  due  to  absorption  by  molecular  oxygen  and  water  vapour,  is  omnipresent  and 
slowly-varying,  and  aan  now  ba  evaluated  with  a  high  degree  of  confidence  using 
well-understood  modsls  (e.g.  Lisbe  ').  Signal  attenuation  by  precipitation,  however, 
is  highly  variable,  in  both  space  and  time)  its  evaluation  and  prediction  is  thus  much 
lsss  certain.  Since  precipitation  is  a  stochastic  process,  ths  resultant  attenuation 
is  customarily  determined  or  assessed  statistically,  generally  in  the  form  of  levels  of 
attenuation  (fade  margins)  which  may  be  exceeded  for,  specified  percentages  of  time 
determined  by  the  level  of  reliability  required  for  a  particular  communications  system 
or  servioe,  under  the  range  of  meteorological  conditions  appropriate  to  tho  location 
for  which  the  aerviae  1b  planned.  such  averages  of  systems  performance  are  further 
supplemented  by  an  assessment  of  extremes. 

In  general,  two  separate  and  distinct  methods  to  assess  fade  margins  may  be 
available  to  systems  designers  -  direct  measurements  of  propagation  conditions  over 
extended  periods  of  time  in  ths  appropriate  climatological  region  or  a  prediction  from 
a  knowledge  of  the  prevailing  mutnorology.  Implicit  in  the  latter  is  a  detailed 
understanding  of  the  physical  mechanisms  of  the  various  atmospheric  and  meteorological 
phenomena  and  their  interactions  with  incident  electromagnetic  radiation  over  a  wide 
range  of  wavelengths.  For  frequencies  up  to  about  30  GHz  (i.e.  up  to  and  including  ths 
microwave  region  of  the  electromagnetic  spectrum) ,  extensive  databanks  exist  of  direct 
long-term  measurements  of  propagation  under  different  climatological  conditions,  while 
prediction  procedures  developed  from  such  data  are  found  generally  to  provide  accep- 
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table  estimates  of,  for  example,  fade  margins,  for  use  in  link  budgets  (CCIR  2 )  .  At 
frequencies  above  30  GHz  (i.e.  the  millimetric  spectrum),  however,  the  reliability  of 
the  various  prediction  procedures  becomes  less  certain,  since  there  are  as  yet 
insufficient  propagation  data  available  either  for  direct  application  or  for  the 
development  of  new,  or  improvement  and  testing  of  existing,  prediction  techniques. 

In  order  to  contribute  to  the  availability  of  propagation  data  at  frequencies 
above  30  GHz,  the  Rutherford  Appleton  Laboratory  has  designed  and  operated  the  500  m 
Millimetre-Wave  Experimental  Range  at  Chilbolton  (MWERAC)  in  Hampshire,  UK  (latitude 
51°8'N,  longitude  1*26'W,  elevation  84  m)  .  The  range  is  a  well-instrumented  open-oir 
laboratory  in  which  simultaneous  transmissions  are  monitored  continuously  over  a  path 
for  which  atmospheric  conditions  are  essentially  constant,  in  the  millimetric,  infrared 
and  optical  wavebands,  in  conjunction  with  a  comprehensive  set  of  meteorological 
observations.  The  data  obtained  are  used  for  a  variety  of  studios  into  the  influence 
of  precipitati' >n ,  including  rain,  snow  and  hail,  the  effects  of  other  hydrometeors  such 
as  fog  and  of  atmospheric  turbulence,  which  causes  scintillations  in  received  Bignal 
amplitudes,  and  the  variability  of  atmospheric  attenuation  due  to  changes  in  humidity, 
temperature  and  pressure.  From  such  studies  will  emerge  a  more  detailed  knowledge  of 
the  interaction  between  electromagnetic  radiation  and  the  various  meteorological 
phenomena  which  prevail,  in  particular  the  ranges  and  magnitudes  of  thoBe  meteoro¬ 
logical  parameters  whiah  become  of  significant  importance  at  millimetric  wavelengths, 
in  order  to  facilitate  the  development  of  improved  propagation  models  to  describe 
adequately  the  abovo-noted  affects.  Furthermore,  statistical  analysis  of  the  data  is 
yielding  valuable  information  both  for  direct  application  to  the  design  and  planning  of 
future  communications  systoms  and  the  development  and  testing  of  prediction  models,  to 
estimate  attenuation  from,  for  example,  basic  meteorological  data  of  the  type  routinely 
collected  by  weather  bureaux  throughout  tho  world.  Such  statistical  analyses  are  also 
of  importance  to  an  assessment  of  the  relative  merits  of  different  wavebands,  i.e. 
millimetric,  infrared  or  optical,  relevant  to  the  increasing  consideration  and  deploy¬ 
ment  of  multi-spectral  sensors  and  systems. 

The  present  paper  describes  briefly  the  500  m  range  and  its  facilities,  and  givus 
some  examples  of  detailed  analyses  of  rainfall  attenuation  which  are  currently  being 
carried  out,  together  with  examples  of  the  effects  of  other  hydrometeors  such  as  snow 
and  fog,  and  of  propagation  through  turbulence.  Some  preliminary  results  are  also 
included  on  the  statistics  of  propagation  conditions. 


2.  THE  500  m  PROPAGATION  RANGE 

The  500  m  range  comprises  a  sot  of  single-pass,  continuous-wave  (CW)  transmission 
links,  situated  4  m  above  flat  grassland,  operating  at  frequencies  of  37,  57,  97,  137 
and  210  GHz,  all  with  vertical  polarization,  and  at  wavelengths  of  10.6  |im  in  the 
infrared  and  0.63  urn  in  the  optical  wavebands,  with  random  polarization.  An  extensive 
sot  of  meteorological  instruments  complements  the  propagation  measurements,  and  include 
rapid- response  (10  second)  rain  gauges  at  three  locations  along  the  range,  a  rapid- 
response  anov/hail  gauge,  measurements  of  temperature  and  humidity  at  a  variety  of 
locations  and  heights  above  the  ground,  a  distrometer  for  measuring  the  distribution  of 
raindrop  sizes,  a  microwave  refractometer  to  doterminc  variations  in  atmospliuric 
refractive  index,  surface  pressure  and  wind  npood  and  direction, 

A  block  diagram  of  the  range,  which  has  been  described  in  detail  elsawhoro  3 ,  is 
shown  in  Figure  1.  The  transmitters  and  receivers,  which  are  operated  in  olovatod 
temperature-controlled  cabins,  are  supported  independently  from  the  ground,  to  isolate 
the  systems  from  any  vibrations  within  the  cabins.  The  signals  urn  transmitted  and 
received  through  windows  fabricated  from  material  selected  to  bo  transparent  in  the 
particular  wavelength  regions  for  each  system,  while  the  windows  themselves  are  pro¬ 
tected  by  hoods  of  sufficient  size  to  prevent  interaction  with  thu  beams  and  t.o 
eliminate  the  deposition  of  raindrops,  etc.,  on  the  windows. 

All  links,  their  system  monitors  and  meteorological  sensors  aro  connected  to  a 
data-colleotion  computer  via  a  univorual  interface  bus.  In  the  normal  continuous  mode 
of  operation,  the  outputs  from  all  channals  (i.e,  signal  strengths,  meteorological 
instruments,  system  monitors,  etc.)  are  recorded  on  magnetic  tape  every  10  seconds. 
Additionally,  when  attenuation  is  detected  on  the  range,  for  example  by  precipitation, 
or  when  scintillation  occurs,  the  57,  97  and  137  GHz  and  0.63  am  links  (together  with 
the  refractometer,  whan  required)  are  recorded  separately  at  a  higher  data-rato  of  100 
samples  per  second.  Analogue  chart  recorders  are  used  to  provide  a  continuous  monitor 
of  all  links  and  meteorological  instruments,  as  a  quick-look  facility,  as  a  diagnostic 
tool,  when  necessary,  and  to  determine  the  occurrence,  identification  and  classifica¬ 
tion  of  events.  The  links  are  calibrated  automatically  at  (i  hourly  intervals  (except 
whan  an  event  is  in  progreafi)  by  inserting  known  values  of  additional  attenuation  into 
tho  tranainitters . 

The  raw  data  are  subsequent! y  calibrated  and  validated  to  compilo  an  extensive 
data-base  in  the  form  of  time  series  of  calibrated  attenuations  and  meteorological 
parameters  for  the  events,  which  in  then  used  for  analytical  and  statistical  studies  of 
propagation  and  related  meteorology .  The  analytical  studies  concentrate  on  investiga¬ 
tions  into  individual  events  according  to  their  origin,  i.e.  into  the  attenuation 
caused  by  rain,  snow  and  fog,  and  the  effects  of  turbulence  (i.o.  scintillation); 
statistical  studies  are  designed  to  yield  probability  distributions  of  attenuations 
(i.e.  fading) ,  of  durations  of  fadco  of  specified  depth  and  the  return  periods  between 
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such  fades,  together  with  related  investigations  of  precipitation. 


3.  ATTENUATION  B5f  RAIN 

Rainfall  attenuation  depends  primarily  on  the  size,  shape,  orientation  and  complex 
dielectric  constant  of  raindrops  and  on  the  wavelength  and  polarization  of  the  incident 
electromagnetic  radiation.  The  theoretical  description  of  scattering  and  absorption  by 
rain  was  first  developed  by  Mie  *  for  spherical  drops,  while  the  extension  to  consider 
non-apharical  drops  was  carried  out  by  Oguchi  and  Hosoya  5.  The  caldulation  of  rain¬ 
fall  attenuation,  however,  remains  non-trivial,  since  rain  is  a  highly  amorphous 
medium,  with  an  intrinsic  variability  in  composition,  in  spatial  distribution  and  in 
time.  Of  these,  perhaps  the  least  certain  is  the  composition  of  rain,  in  particular 
the  distribution  of  the  sizes  of  raindrops,  which  determines  magnitude  and  wave¬ 
length-dependence  of  the  scattering  of  incident  electromagnetic  radiation,  the  dominant 
source  of  rainfall  attenuation.  A  number  of  empirical  drop-size  distributions  have 
been  measured  or  proposed  in  the  literature,  for  example  by  Laws  and  Parsons  *  , 
Marshall  and  Palmer  and  by  Jose  et  al  *.  Of  these,  perhaps  the  most  widely  used  1b 
that  of  Laws  and  Parsons. 

The  numerical  evaluation  of  rainfall  attenuation,  even  for  idealized  dropsize 
distributions,  involves  lengthy  and  complex  scattering  calculations,  and  it  has  become 
customary  to  abbreviate  such  calculations  by  means  of  a  simple  power  law  relationship  ’ 

Attenuation,  y  -  aR**,  dB  km-*  (1) 

where  R  is  the  rainfall  rate  in  mm  h“*  and  the  coefficients  a  and  b  depend  on  fre¬ 
quency,  the  temperature  of  the  rain  and  on  the  plane  of  polarization  if  non-apherical 
drops  are  considered.  Values  for  these  coefficients  have  been  tabulated  for  spherical 
drops  ’  and  for  non-spherioal  drops  1 0 ,  for  the  Laws  and  Parsons  drop-size  distribu¬ 
tion.  However,  there  is  increasing  evidence  **  that  thia  distribution  underestimate!) 
the  number  of  very  small  raindrops,  and  since  rainfall  attenuation  at  frequencies  above 
30  GHz  depends  increasingly  on  the  smaller  raindrops,  the  above  tabulations  may  thus 
underestimate  the  magnitude  of  rainfall  attenuation  at  the  shorter  millimetrio  wave¬ 
lengths.  Hence,  other  drop-size  distributions,  in  particular  negative-exponential 
distributions  (of  which  tha  Marshall-Palmer  distribution  is  an  example) ,  have  been 
considered  more  appropriate  to  the  millimetrio  region  1 .  The  propagation  measurements 
made  through  rain  on  the  S00  m  range  have  accordingly  been  used  to  inveotigate  the 
applicability  of  such  distributions  and  their  variants. 

As  an  examplu,  Figure  2  shows  a  time  aeries  of  attenuations  measured  during  rain 
at  37,  57  and  97  GHz  and  at  10.6  |im  in  the  infrared,  together  with  the  path-mean 
rainfall  rate,  determined  by  averaging  the  threu  raingaugaa  located  along  the  range. 
As  can  be  seen,  the  correlation  between  attenuation  and  rainfall  rate  is,  in  general, 
very  good,  with  tha  attenuation  increasing,  as  expected,  with  frequency  in  the  milli¬ 
metre-wave  part  of  the  spectrum)  furthermore,  it  is  evident  that  such  multifrequency 
measurements  contain  much  information  on  the  composition  of  rain,  which,  since 
conditions  along  the  500  m  path  are  essentially  constant  (i.e,  there  is  little  or  no 
spatial  variation) ,  is  determined  principally  by  the  distribution  of  raindrop  sizes. 

At  frequencies  above  about  100  GHz,  rainfall  attenuation  approaches  the  so-called 
"optical  limit"  and  the  extinction  coefficient  is  simply  twice  tha  geometrical  cross- 
section,  i.e.  Ijtu*,  where  D  is  the  diameter  of  the  (spherical)  raindrops  . 

The  attenuation  coefficient  is  given,  in  dB  km-1,  by 


y  -  4.343  Q. (D|  N (D)  dD  (2) 

‘  0 

where  Q.(D)  is  the  scattering  cross-section  of  a  raindrop  of  diameter  D,  and  N(D)  is 
the  drop-size  distribution.  As  a  gsnsralization,  it  in  convenient  to  consider  a 
gamma-distribution  of  raindrop  sizes,  thusi 

N  (D)  -  N0  Dn  exp  (-Ad)  (3) 

where  the  special  casa  of  n  -  0  represents  the  negative  exponential  distribution.  In 
this  expression,  both  NQ  and  A  are  functions  of  rainfall  rate,  Far  the  case  n  «  0, 
then,  the  attenuation  inthe  optical  limit  can  be  written  (in  dB  km-'1)  as 

(W 

Nq  exp(-Aj)1 )  .ID 
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There  is  experimental  evidence  that  attenuations  i^  the  infrared  and  op( leal 
regions  are  adequately  described  by  such  an  expression  ' 
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Now,  the  rainfall  rate  is  given  in  terms  of  NQ  and  A  an 

R  -  £  J  u  (D)  N(D)  Ds  dD  (5) 

where  u(D)  is  the  terminal  velocity  of  the  reindrops.  Using  the  model  for  terminal 
velocities  developed  by  Atlas  et  al  1 " ,  Equation  (5)  can  be  solved  to  yield  the  analy¬ 
tical  expression 


R  - 


0 


~ F  I 


(f>) 


where  c  and  d  are  numerical  constants.  Similar  expressions  can  be  developed  for  the 
more  complex  distributions  in  which  n  »  1  or  2,  for  example. 

Thus,  given  rainfall  rate  and  the  corresponding  attenuation  in  the  optical  limit, 
Equations  (4)  and  (6)  can  be  used  to  investigate  details  of  the  distribution  of  rain¬ 
drop  sizes.  For  example,  the  10.6  am  attenuations  and  rainfall  rates  shown  In  Figure  2 
have  been  used  to  derive  values  for  N.  and  A  for  a  number  of  r-type  distributions,  with 
n  -  0,  1  and  2.  Figure  3  shows  the  resultant  values  as  a  function  of  rainfall  rate  for 
the  case  where  n  “_2.  Two  distinct  regions  can  be  observed*  at  low  rainfall  rates, 
below  about  7  mm  h-1,  both  N_  and  A  decrease  rapidly  with  increasing  rainfall  rate, 
while  for  higher  rainfall  rates  Nq  and  A  become  nearly  independent  of  rainfall  rate. 

In  order  to  evaluate  the  applicability  of  such  r-distributions  of  raindrop  sizes, 
the  attenuation  at  37,  57  and  97  GHz  have  accordingly  been  calculated  using  Equation 
(2),  with  the  appropriate  scattering  cross-sections  (for  spherical  drops)  and  the 
values  of  N_  and  A  shown  in  Figure  3.  These  calculated  values  have  then  been  compared 
with  the  experimental  measurements  shown  in  Figure  2.  The  comparison  at  97  GHz, 
between  measured  and  thus-calculated  attenuations,  is  shown  in  Figure  4,  again  for  the 
case  where  n  ■  2.  The  continuous  line  represents  equal  values  of  attenuation,  i.e. 
when  the  ratio  of  calculated  to  measured  attenuations  is  unity.  In  general,  good 
agreement  is  found  between  measured  millimetre-wave  attenuations  and  those  calculated 
from  the  drop-size  distributions  derived  from  rainfall  rate  and  infrared  attenuation, 
for  such  r-type  distributions. 

Further  investigations  into  such  distributions,  in  particular  including  the  case 
of  non-sphorical  raindrops,  should  provide  more  insight  into  those  distributions  of 
raindrop  sizes  most  appropriate  to  attenuation  calculations  at  millimetric  wavelengths, 
which  could  then  be  employed  to  develop  simple  and  reliable  propagation  models  and 
prediction  procedures,  for  example  of  the  type  given  by  Equation  (1) , 

As  noted  above,  rainfall  attenuation  increases  with  increasing  frequency,  up  to 
about  100  GHz,  above  which  it  becomes  substantially  independent  of  frequency  as  the 
optical  limit  Is  approached.  With  the  development  of  multi-Bpectral  sensors,  operating 
simultaneously  in  different  wavebands,  it  becomes  important  to  provide  confirmation  of 
this  theoretical  prediction  for  a  wide  range  of  meteorological  conditions.  Since  rain 
dominates  the  statistics  of  propagation  1  ’ ,  rainfall  attenuation  in  the  different 
wavebands  on  the  500  m  range  have  been  compared  over  the  poriod  of  one  year .  As  an 
example,  Figure  5  compares  the  maximum  (peak)  attenuation  measured  at  97  GHz  during 
each  rain  event  over  the  poriod  with  the  corresponding  puak  attenuation  at  10.6  um. 
The  broken  lino  indicates  equal  uttenuations  in  each  waveband,  and  the  measurementn 
scatter  approximately  equally  either  side.  Rainfall  attenuation  muy  thus  bo  considered 
comparable  in  both  the  millimetric  and  infrared  wavebandQ,  while  Bimilar  comparisono 
between  the  infrared  and  optical  wavebands  have  suggested  that  infrared  attenuation  in 
rain  is  perhaps  10-20%  greater  than  optical  attenuation. 


4.  ATTENUATION  BY  SNOW 

While  there  are  rather  few  data  available  on  propagation  through  rain  at  milli- 
metric  wavelengths,  there  is  a  marked  paucity  of  information,  both  experimental  and 
theoretical,  on  attenuation  by  frozen  precipitation,  llohlandcr  ct  ol  6  have  reported 
intense  rapid  fluctuations  in  signal  levels  at  116  GHz  received  through  snow,  but  do 
not  comment  on  attenuation. 

Snow  is  generally  more  difficult  to  quantify  than  rain,  since  it  is  a  very  complex 
form  of  precipitation,  being  a  mixture  of  water,  ice  and  air  in  varying  proportions, 
depending  on  the  type  of  snow  and  the  ambient  temperature.  Snow  has  a  refractive  index 
which  is  smaller  than  that  for  water  7 ,  and  might  thus  be  expected  to  attenuate  leas 
than  rain  with  an  equivalent  liquid  water  content.  However,  the  largo  size  and  non¬ 
sphericity  of  snowflakes  (especially  In  sleet)  can  produce  greater  attenuationc  than 
sphoron  of  comparable  volume  ,  oopecially  In  wet  or  molting  unow. 

The  study  of  snow  attenuation  in  further  complicated  by  difficulties  in  deter¬ 
mining  effective  and  accurate  snowfall  rates,  since  entrainment  of  unowflakuB  by  wind 
can  produce  large  horizontal  components  in  the  direction  of  snowfall  (and  even  vertical 
eddies  in  the  vicinity  of  obstacles)  which  can  signif i^antly  reduce  deposit  or  capture 
rates  at  or  near  snow  gauges.  It  has  boon  found  ,  however,  that  a  significant 
improvement  in  capture  efficiency  can  be  obtained  by  surrounding  the  snow  gauge  with  a 
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wind  shield  to  reduce  wind  speed  in  the  vicinity  of  the  gauge.  The  wind  shield  uee  ’  on 
the  500  m  range,  for  example,  in  the  form  of  a  half-open  picket  fence,  1  m  high  and  5  ra 
in  diameter,  was  found  to  reduce  wind  speeds  by  up  to  504  around  and  over  the  snow 
gauge.  The  snow  gauge  itself  is  based  on  the  rapid-response  rain  gauge,  with  a  larger 
collecting  funnel  to  increase  sensitivity  and  with  thermostatically-controlled  heaters 
to  ensure  rapid  melting  of  the  frozen  precipitation. 

An  example  of  attenuations  measured  in  snow  is  given  in  Figure  6,  which  Bhows  a 
time  series  of  attenuation  at  37,  57  and  97  GHz  and  at  0.63  pm,  together  with  the  snow 
(equivalent  rain)  rate.  The  correlation  between  attenuation  and  snow  rate  is,  in 
general,  very  good,  especially  when  the  attenuation  is  delayed  slightly  in  time,  to 
allow  for  the  time  taken  for  the  snow  to  melt  and  pass  through  the  snow  gauge.  For  the 
event  shown  in  Figure  6,  a  delay  of  30  seconds  yielded  the  highest  degree  of  correla¬ 
tion,  while  other  snow  events  required  delays  of  up  to  two  minutes.  The  unheated 
raingauges  located  along  the  range,  however,  indicated  a  peak  snowfall  rate  some  five 
minutes  after  the  main  peak  shown  in  Figure  6,  and  continued  to  register  precipitation 
for  some  30  minutes  after  the  snow  event  had  ended,  due  to  slow  melting  of  snow  which 
had  accumulated  in  the  collecting  funnel.  The  air  temperature  at  the  onset  of  this 
snow  event  was  about  3*C,  dropping  to  0.5*C  during  the  course  of  the  event. 

Since  there  is  no  general  theoretical  description  of  attenuation  by  snow  at 
millimetric  wavelengths,  it  is  of  interest  to  try  to  establish  empirical  relationships, 
for  use  in  prediction  procedures,  and  to  compare  such  attenuations  with  those  expected 
for  rainfall  at  the  equivalent  rain  rates.  Figurs  7,  for  example,  ahows  the  attenua¬ 
tions  measured  at  97  GHz  as  a  function  of  snow  rate.  The  continuous  line  1b  a  least- 
squares  regression  to  a  relation  in  the  form  of  Equation  (1),  while  the  broken  line  1b 
the  CCIR  '  predicted  rain  attenuation  (for  vertical  polarization).  It  can  be  observed 
that,  for  the  same  amount  of  liquid  water  deposited  on  the  ground,  the  attenuation 
through  snow  is  approximated  twice  that  expected  for  rain,  for  the  event  shown  in 
Figure  6.  For  the  other  snow  events  which  have  been  studied  to  date,  which  have 
comprized  mainly  wet  snow,  it  has  also  been  found  that,  in  general,  enow  attenuation  is 
greater  than  rain  attenuation,  for  the  same  equivalent  rain  rate.  On  the  other  hand, 
dry  snow,  which  tends  to  be  less  frequent  even  than  wet  enow  in  thiB  region,  is 
expected  to  produce  rather  less  attenuation  than  rain  of  the  same  equivalent  liquid 
water  deposit  rate 


5.  ATTENUATION  BY  FOG 

In  comparison  with  the  hydrometeors  discussed  above,  fog  attenuation  is 
comparatively  small  at  millimetric  wavelengths,  although  it  can,  of  ccurBe,  ba  severe 
in  the  infrared  and  optical  wavebands.  Fog  is  composed  of  suspended  droplets  of  water 
which  are  rarely  more  than  0.1  mm  in  diameter  and  generally  are  very  irach  smaller, 
bei ng  comparable  to  infrared  and  optical  wavelengths.  In  these  spectral  regions,  then, 
scattering,  and  hence  attenuation,  can  be  considerable.  At  millimetric  wavolengths, 
howevar,  the  Rayleigh  approximation  becomes  valid  and  scattering  losses  are  practically 
negligible.  The  bulk  of  attenuation  in  fog  is  then  caused  mainly  by  absorption  and 
depends  thus  an  the  density  of  water  within  the  fog,  the  extent  of  the  fog  and  its 
index  of  refraction.  Since  the  density  of  fog  is  generally  small,  little  attenuation 
is  expected  at  millimetric  wavelengths,  especially  in  comparison  with  rainfall 
attenuation. 

As  an  example,  and  to  confirm  the  arguments  presented  above,  Figure  8  shows  the 
attenuations  measured  at  0.63  |im  and  at  57  GHz  as  a  function  of  the  attenuation 
measured  simultaneously  at  10.6  pm,  during  a  typical  fog  event.  Most  fog  events  ue 
found  to  attenuate  more  than  the  dynamic  ranges  of  the  optical  and  .infrarod  links, 
which  are  %  80  dB  km"  and  ^  35  dB  km"  ,  respectively .  At  millimetric  wavelengths, 
however,  attenuations  rarely  exceed  1  dB  km”  ,  as  demonstrated  at  57  GHz  in  Figure  8. 

Figure  8  also  shows  that  the  ratio  of  attenuations  at  0.63  urn  and  10.6  pm  changes 
during  the  development  and  dispersal  of  the  fog.  The  "hysteresis*  has  been  observed  in 
a  number  of  fog  events  ’  and  can  be  either  clockwise  or  counterclockwise,  as  a  function 
of  time.  An  explanation  for  this  effect  ha*  been  sought  in  terms  of  changes  in  the 
distribution  of  the  sixes  of  suspended  water  droplets  during  the  evolution  of  fogs. 
When,  for  a  given  optical  attenuation  (or  visibility) ,  the  infrared  attenuation  is 
greater  during  the  development  of  the  fog  than  during  its  dispersal,  the  mean  drop  size 
may  perhaps  have  decreased,  possibly  through  evaporation.  On  the  other  hand,  in  fogs 
where  the  infrared  attenuation  is  larger  during  dispersal  than  it  was  in  the  onset  of 
the  fog,  at  a  given  visibility,  the  mean  drop  size  may  have  increased,  perhaps  by 
accretion  or  change  of  air  volume,  by  winds  for  example.  With  only  two  measurement 
frequencies  sensitive  to  drop  size,  however,  it  will  not  generally  be  possible  to 
derive  any  detailed  information  on  drop-size  distributions  in  fog,  as  has  bsen  done  for 
rainfall  (see  Manabo  et  al  ‘and  section  3) .  It  is  nevertheless  clear  that  there  are 
aome  interesting  phenomena  occurring  in  fog  events  which  warrant  further  investigation, 
and  the  development  of  propagation  models  to  describe  fog  will  enable  qualitative,  and 
even  perhaps  seal-quantitative,  conclusions  to  be  made  on  the  evolution  of  fogs  from 
data  such  as  that  in  Figure  B, 


6.  TURBULENT  EFFECTS  -  SIGNAL  SCINTILLATION 

Rapid  fluctuations  in  atmospheric  refractive  index,  together  with  physical  move- 
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ments  of  inhomogeneous  air,  caused  by  the  natural  turbulence  of  the  atmosphere,  give 
rise  to  scintillation  of  signals.  The  theory  of  propagation  through  a  turbulent  medium 
was  de  '  ’ oped  originally  by  Tatarski  20  for  optical  wavelengths  and  was  later  shown  to 
be  val  •  or  the  microwave  regions  of  the  electromagnetic  spectrum  21 .  In  this  treat¬ 
ment,  scintillations  due  to  small-scale  irregularities  in  the  spatial  distributions  of 
temperature,  humidity  and  pressure  can  be  characterized  in  terms  of  the  statistical 
variance  of  the  fluctuations  in  received  signal  power.  For  the  case  where  the  size  of 
such  irregularities  (scales)  is  greater  than  the  diameter  of  the  first  Fresnel  zone, 
the  variance  in  power  level  (i.e.  in  the  logarithm  of  signal  amplitude)  is  given  by  20 
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where  C3  is  the  refractive  index  structure  parameter,  X  is  the  signal  wavelength  in 
metres  and  L  is  the  pathlength  is  metres.  Conventionally,  most  studies  of  scintilla¬ 
tion  effects  make  use  of  this  equation. 


Now,  as  part  of  its  programme  of  investigating  a  variety  of  propagation  phenomena, 
the  Rutherford  Appleton  Laboratory  has  studied  the  effects  of  flames  on  radiowave 
transmissions  22 .  A  flame,  approximately  3  m  wide,  3  m  high  and  0.5  m  thick,  was 
generated  with  a  bank  of  five  high-velocity  burners,  fed  with  forced  combustion  air  and 
using  gasoil  as  the  fuel.  The  hydrocarbon  flame  was  positioned  in  turn  to  fill  com¬ 
pletely  the  beams  of  the  transmission  links,  approximately  50  m  from  the  transmitters. 
(The  first  Fresnel  zones  are  typically  1-1.5  m  in  diameter  at  their  maxima). 

The  flame  produced  little  attenuation  at  millimetric  wavelengths,  less  than  0.2 
dB;  at  10.6  um  about  3  dB  attenuation  occurred,  increasing  to  15-20  dB  at  0.63  am.  The 
dominant  effect  at  millimetric  wavelengths  was  scintillation,  and  the  results  have  thus 
been  analyzed  in  terms  Eq.  (7) . 


Figure  9  shows  the  variance  o3  in  signal  power  (dB)  received  through  clear  air 
(before  and  after  the  flarie  tests)  and  that  received  through  the  flame,  as  a  function 
of  signal  frequency,  determined  from  the  10  s  sampled  data.  The  continuous  lines  are 
best-fit  curves  with  u  u7'*  dependence  (vide  Eq.  (7)).  The  agreement  with  this 
frequency  dependence  is,  in  general,  very  good  in  both  the  clear-air  transmissions  and 
during  transmissions  through  the  flame,  indicating  that  the  turbid  conditions  within 
the  flame  can  be  adequately  described  by  the  "Kolmogorov  two-thirds  law"  which  is  the 
basis  of  Eq.  (7) .  The  dominant  effect  of  the  presence  of  flame  within  the  transmitted 
beams  is  an  increase  in  the  level  of  scintillation,  i.e.  the  variance  in  received 
signal,  by  about  one  order  of  magnitude. 


The  data  shown  in  Figure  9,  together  with  Eq.  (7),  can  be  used  to  obtain  values 
for  the  refractive-index  structure  parameter  C3.  For  the  clear-air  case,  the  results 
yield  a  value  of  C3  -  4.8  _x  ,1Q-13  m""2  ,  whiclf  falls  within  the  range  to  be  expected 
i.e.  10  1  5  to  i0  10  m  2  3.  For  the  case  of  transmission  through  .  flame ,  if  L  is 
equated  with  the  thickness  of  the  flame,  a  value  of  1.8  x  10~6  m  2/5  is  obtained, 
indicating  the  extremely  high  degree  of  turbidity  within  the  flame. 

Signal  scintillations  before,  during  and  after  the  flame  tests  were  also  recorded 
at  the  higher  data-collection  rate  of  100  Hz.  These  data  nave  used  to  examine  the 
spectrum  of  fluctuations,  by  Fourier  transformation  of  the  time-series  of  signal 
levels.  Figure  10  shows  the  resultant  power  spectral  densities  for  both  clear-air 
transmission  and  for  propagation  through  flame,  observed  at  57  GHz.  Since  all  the 
oscillators  in  the  system  are  free-running,  the  transmission  links  essentially  provide 
twc-dimensional  measurements  of  scintillation,  for  which  Tatarski  20  showed  that  the 
spectrum  of  fluctuations  should  decay  by  where  ’»  is  the  fluctuation  frequency. 

For  clear-air  transmission,  this  is  indeed  found  to  be  the  case,  as  shown  in  Figure  10. 
However,  the  presence  of  flame_  irr  the  propagation  path  introduces  a  component  in  the 
fluctuations  which  decays  by  w  11/J,  suggesting  the  existence  of  a  third  dimension  in 
the  measurement.  A  possible  explanation  for  this  may  be  that  the  flame  behaves  as  a 
highly  variable  lens;  since  gasoil  has  a  large  refractive  index  (n  ^  1.45)  it  is  not 
unreasonable  to  assume  that  the  burning  vapour  would  have  a  refractivity  greater  than 
the  surrounding  air.  Tha  flame  may  thus  introduce  a  variable  focusing  and  defocusing 
effect,  giving  rise  to  a  corresponding  interference  between  direct  and  indirect  rays 
within  the  first  Fresnel  zone.  such  a  focussing  effect  nas  been  observed  at  optical 
wavelengths  ,  together  with  the  appearance  of  interference  fringes  at  or  near  the 
focal  plane,  while  the  degree  of  ray-bending  required  to  produce  destructive  inter¬ 
ference  at  the  receiving  antenna  (^  9  minutes  of  arc)  has  also  been  observed  in  flame 
at  microwave  frequencies 


7.  STATISTICAL  STUDIES  OF  PROPAGATION 

The  event -based  investigations  considered  above  are  primarily  directed  towards 
obtaining  a  deeper  insight  into  the  mechanisms  of  interaction  between  electromagnetic 
radiation  and  the  various  atmospheric  and  meteorological  phenomena  which  prevail.  Such 
studies  are  important  to  the  development  of  propagation  models  to  facilitate  the  use  of 
basic  meteorological  data  in  the  prediction  of  propagation  conditions.  As  ari  adjunct 
to  such  investigations,  and  to  provide  the  means  to  develop  and  test  such  prediction 
procedures,  an  extensive  statistical  analysis  of  propagation  along  the  500  m  range  is 
being  carried  out;  products  from  this  analysis  include  probability  distributions  of, 
for  example,  (a)  the  levels  of  attenuation  and  rainfall  rates  which  were  exceeded 
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during  the  measurement  period;  (b)  durations  of  fades  of  different  depths  and  the 
return  periods  between  such  fades;  (c)  instantaneous  ratios  of  attenuation  at  different 
frequencies,  to  facilitate  scaling  of  data  from  one  frequency  to  another;  (d)  rates  of 
change  in  attenuation,  of  particular  importance  to  digital  systems.  These  statistical 
products  are  provided  on  annual,  quarterly  and  monthly  tine-8cales  and  can  be  classi¬ 
fied  according  to  type  of  event,  i.e.  rain,  snow,  fog,  etc. 

For  such  statistical  information  to  have  significance,  it  is  clearly  essential 
that  the  propagation  measurements  should  extend  over  considerable  periods  of  time,  in 
order  to  average  over  the  natural  year-to-year  variability  in  climate,  and  to  assess 
the  extrema  from  long-term  averages.  While  this  long-term  investigation  is  necessarily 
still  In  progress,  some  preliminary  resultB  will  be  included  here,  with  the  caveat  that 
they  represent  only  one  year's  data. 

One  of  the  more  fundamental  parameters  in  planning  communications  systems  is  an 
estimate  of  a  fade  margin,  appropriate  to  a  specified  level  of  reliability  for  the 
particular  service,  for  inclusion  in  link  budgets.  It  thus  becomes  important  to 
determine  the  percentages  of  time  that  various  levels  of  attenuation  may  be  exceeded 
over  a  given  duration  -  typically  one  year,  and  preferably  averaged  over  several  years. 
While  such  longer-term  averages  are  still  being  compiled,  as  noted  above,  a  preliminary 
cumulative  distribution  of  the  attenuations  measured  on  the  500  m  range  during  its 
first  year  of  operation  is  presented  in  Figure  11,  for  all  events  and  for  attenuations 
up  to  20  dB  km-  .  At  any  given  time  percentage,  the  attenuations  increase,  in  general, 
with  frequency,  ae  expected  for  rainfall  attenuation,  which  dominates  the  statistics  of 
propagation  at  millimetric  wavelengths. 

The  dramatic  increase  in  attenuation  at  infrared  and  optical  wavelengths,  however, 
is  due  not  to  rain,  but  to  fog,  the  incidence  of  which  is  typically  2-3%  of  the  year  in 
the  southern  part  of  the  United  Kingdom,  and  which,  as  noted  in  Section  5,  has  only  a 
very  minor  effect  at  millimetric  wavelengths.  Comparisons  of  the  different  wavebands, 
such  as  in  Figure  11  for  all  events,  or  Figure  5  for  rain  events  only,  for  example,  are 
of  relevance  to  the  design,  application  and  operation  of  multispectral  sensors;  since 
the  various  spectral  regions  exhibit  different  propagation  properties,  while  the 
particular  technologies  employed  in  each  spectral  region  also  possess  different  meritB, 
data  such  as  in  Figures  5  and  11  can  provide  an  insight  into  the  possible  development 
of  multispectral  systems  to  overcome  some  of  the  disadvantages  of  single-frequency 
systems,  to  provide  more  reliable  and  effective  services  in  the  future. 

Cumulative  distributions  similar  to  Figure  11  have  also  been  obtained  for  attenua¬ 
tions  in  rain  only  and  for  rainfall  rates.  By  obtaining  from  these  distributions 
equiprobable  values  for  attenuation  and  rainfall  rates  for  insertion  into  Eq.  (1),  it 
becomes  possible  to  test  statistically  the  models  used  to  derive  the  tabulated  values 
for  the  coefficients  a  and  b;  such  comparisons  will  have  more  significance  than 
analyses  of  individual  events.  The  resultB  of  such  testing  to  date  tends  to  confirm 
that,  in  general,  the  published  values  underestimate  rainfall  attenuation  at  the 
shorter  millimetric  wavelengths,  as  noted  in  Section  3  and  in  reference  11. 

While  distributions  such  as  in  Figure  11  indicate  the  likelihood  that  a  fade  of  a 
given  depth  might  occur,  they  provide  no  information  on  how  long  such  a  fade  might 
last,  nor  indeed  on  the  time  until  the  next.  Such  information  is  of  particular  impor¬ 
tance  to  the  operation  of  communications  Bystems,  in  order  to  be  able  to  relate 
outages,  i.e.  fading,  to  system  availability,  or,  if  a  particularly  high  degree  of 
reliability  is  required,  in  planning  systems  to  include  space-diversity  facilities,  for 
example.  Accordingly,  the  data  have  further  been  analyzed  to  investigate  the  distribu¬ 
tion  of  fade  durations  and  the  return  periods  between  such  fades.  The  minimum  fade 
duration  considered  was  30  s,  i.e.  throe  consecutive  measurements  of  attenuation  in 
excess  of  a  given  threshold.  Figure  12  shows  the  probability  distributions  for  fades 
of  different  durations,  from  30  s  to  over  3  hours,  measured  at  97  GHz,  while  Figure  13 
shows  the  analogous  distributions  of  the  return  periods  between  the  fading  levels  in 
Figure  12.  While  these  distributions  should  not  be  regarded  as  definitive,  particular¬ 
ly  as  they  are  based  on  only  one  year's  data,  it  is  relevant  to  note  that  they  bear  a 
stiking  resemblance  to  a  log-normal  distr ibution {  This  has  alBO  been  observed  at  other 
frequencies  and  for  other  propagation  paths  ,  and  suggests  that,  given  a  more 
complete  database  covering  periods  of  several  years,  it  may  be  possible  to  develop 
empirical  models  to  predict  attenuation,  fade  duration  and  return  periods,  which  will 
be  of  great  value  in  the  planning,  design  and  operation  of  future  communications 
Bystems. 


8 .  SUMMARY 

This  paper  hap  described  the  500  m  Millimetre  Wave  Experimental  Range  at  Chil- 
bolton,  operated  by  the  Rutherford  Appleton  Laboratory,  to  investigate  the  effects  of 
the  atmosphere  and  its  prevailing  meteorology  on  ths  propagation  of  electromagnetic 
radiation  in  the  millimetric,  infrared  and  optical  wavebands.  Examples  have  beon  given 
of  investigations  with  rainfall  attenuation,  the  effects  of  other  hydrometeors  such  as 
snow  and  fog  and  propagation  through  turbulent  media,  together  with  some  preliminary 
results  on  the  statistics  of  propagation  conditions,  of  relevance  to  systems  planning. 
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Figure  1.  Block  diagram  of  the  500  m  range.  (Courtesy  IEE) . 


Figure  2.  Time  series  of  rain  attenua¬ 
tions  at  37,  57  and  97  GHz  and  at  10.6 
(im,  together  with  path-mean  rainfall 
rate . 
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Figure  4.  Comparison  of  97  GHz  atten¬ 
uation  calculated  from  the  dropsizu 
distribution  in  Fig.  3  with  measured  97 
GHz  attenuation. 


Figure  3.  Values  for  N  and  A  for  a  1'- 
distribution  of  raindrop  sizes,  deduced 
from  the  rainfall  rate  and  10.6  pm 
attenuation  in  Fig.  2. 
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Figure  6.  Time  series  of  snow  attenua¬ 
tions  at  (a)  37  GHz,  (b)  57  GHz,  (c)  97 
GHz  and  (d)  0.63  pm,  together  with  snow 
(equivalent  rain)  rate. 


Figure  5.  Comparison  of  peak  attenua¬ 
tions  measured  in  rain  at  97  GHz  and 
10.6  pm. 
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Figure  7.  Comparison  of  97  GHz  unow 
attenuations  in  Fig.  6  with  snow  rate. 


LM 


.  . - 


_ I _ I _ I - 1 - 1 - 1 - '  * 

»  20  30  40 

10'fytm  Attenuation,  dB.  tim“’ 


Figure  8.  Comparison  of  fog  attenua¬ 
tions  at  0.63  urn  and  57  GHz  with  10.6 
|im  attenuation. 
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Figure  9.  Log-amplitude  variance  of 
scintillations  measured  in  propagation 
through  clear  air  and  through  flame. 
(Courtesy  IEE) . 
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Figure  10.  Power  spectral  density  of 
fluctuations  measured  at  57  GHz  in 
propagation  through  flames.  (Courtesy 
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Figure  11.  Percentage  of  time 
various  levels  of  attenuation  were 
exceeded  on  the  S00  m  range  during 
one  year.  (Courtesy  IEE) . 


10' J  10' 2  Kf'  1 
Percentage  of  time  attenuation  is  exceeded 


Figure  12.  Probability 
distributions  of  the 
durations  of  fades  between 
2  and  8  dB  km 
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Figure  13.  Probability  distribu¬ 
tions  of  the  return  periods  between 
fades  of  2  to  16  dn  km  . 
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DXBCOBSIOH 


a.  xjucihrtoh 

Your  results  show  that,  in  most  advarsa  conditi-ona,  tha  IR  attanuation  is  lasa  than  tha 
visible.  Tha  statistics  of  availability  (Fig  11)  indicatad  tha  aonverse.  Could  you 
please  comment . 

AUTHOR'S  RHPLY 

This  ia  to  some  extent  an  artifact  in  this  particular  aat  of  data.  During  tha  pariod 
analyzed  in  Fig  11,  tha  viaibla  link  wat  not  oparational  for  some  of  tha  time,  and 
aavaral  long  fog  avanta  vara  thus  not  includad.  Furthar  analysis  of  subsaquant  data, 
which  is  still  in  prograas,  shows  tha  more  axpectad  situation  in  which  viaibla  attanua¬ 
tion,  particularly  in  fog,  is  greater  than  at  infrared  wavalangths. 

B.  BBXTTLB 

in  comparing  the  97  GHz  and  10. £  fin  attanuation  during  rain,  did  you  look  at  possibla 
forward  scatter  offsets  on  the  measured  attenuation?  Since  for  the  rain  drops  whiah  are 
large  compared  with  XK  wavalangths,  the  forward  scattered  diffraction  peak  will  have  an 
angular  spread  which  is  comparable  to  the  field  of  view  of  many  tranamiasometara.  The 
result  will  ba  for  tha  smaller  wavalangths  more  of  tha  forward  scattered  light  will  be 
detected  by  the  tranimiasometer  leading  to  higher  measured  transmissions  and  lower 
attanuation  coefficients.  This  is  consistent  with  your  results  particularly  for  larger 
attenuations  where  the  larger  drops  are  more  prevalent. 

AUTHOR'S  RHPLY 

Forward  scattering  effects  were  not  conuiderad  in  this  analysis  -  the  attenuations  were 
simply  those  measured  on  tha  range. 
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EVAPORATION  DUCT  EFFECTS  AT  MILLIMETER  WAVELENGTHS 

by 

K.D.Anderson 

Ocean  and  Atmospheric  Sciences  Division 
Naval  Ocean  Systems  Center 
San  Diego,  CA  92152-5000 
United  States 

Summary 


The  evaporation  duct  strongly  influences  low-altitude  over- the  horizon  propagation  at 
millimeter  wavelengths.  Rasulta  froa  more  than  2000  hours  of  propagation  and  aataorologlcal 
measurements  laada  at  94  CHz  on  a  40,6  ka  ovar-horlzon,  over-water  path  along  tha  aoutharn 
California  coast  show  that  tha  avaraga  rscsivad  powar  was  63  dB  graatar  chan  expected  for 
propagation  In  a  nonducting,  or  normal,  ataoaphara;  90  parcant'  of  tha  measurements  wars  at  laast 
35  dB  graatar  than  tha  normal  ataoaphara, 

A  numerical  modal  of  transmission  loss  based  on  observed  surface  meteorology  la  discussed  and 
results  are  compared  to  measured  transmission  loss.  On  average,  modeling  results  underestimate 
tha  transmission  loss  by  10  dB.  In  addition,  results  from  modeling  baaed  on  an  independent 
climatology  of  evaporation  duct  heights  far  tha  area  are  shown  to  be  adequate  for  most  propagation 
assessment  purposes.  Tha  reliability  and  reasonable  accuracy  of  the  modal  provide  a  strong 
Justification  for  utilizing  tha  technique  to  assess  millimeter  wave  communication  and  radar 
syatems  operating  in  many,  If  not  all,  ocean  regions. 

LIST  OF  SYMBOLS 

S  Evaporation  duct  height  (m). 

Ad.  Potential  rafractlvlty  dlfferancs  batwesn  air  and  sea. 

R  Bulk  Rlchardaon's  number. 

T  Empirical  profile  coefficient. 


INTRODUCTION 

The  evaporation  duct  Is  a  nearly  permanent  propagation  meehaniam  created  by  a  rapid  decrease 
of  molatura  immediately  above  tha  ocean  surface.  Air  adjacent  to  tha  surface  la  saturatad  with 
water  vapor  and  rapidly  dries  out  with  increasing  height  until  an  ambient  value  of  watar  vapor 
content  Is  reached,  which  Is  dependant  on  general  meteorological  conditions.  The  nearly 
logarithmic  decrease  In  vapor  praasura  causes  ths  refractlvlty  gradient  to  dacraaas  faster  than  - 
157  N/km,  which  Is  a  trapping  condition.  The  height  at  which  dN/dz  equals  -157  N/km  Is  defined 
as  ths  svsporatlon  duct  height  and  la  a  measure  of  the  strength  of  the  duct.  Typical  duct  heights 
are  between  e  few  metera  and  approximately  30  miters  with  a  world-averaga  value  of  13.6  maters 
[1],  Because  these  ducts  are  vertically  thin,  strong  trapping  la  Infrequently  observed  for 
frequencies  below  2  GHz. 

For  low-altitude,  over-water  applications,  the  evaporation  duct  has  been  shown  to  be  a 
reliable  propagation  phenomena  that  can  dramatically  lnoraaae  beyond- the -horizon  signal  levels 
for  frequencies  greater  than  2  GHz  (2) -[4|  .  Although  tha  highest  frequency  reported  in  previous 
work  is  35  GHz,  the  results  show  that  tha  magnitude  of  signal  enhancement  (referenced  to 
diffraction)  Increases  with  Increasing  fraqusney.  An  analysis  of  ths  Aegean  Saa  measurements  (4J 
shows  that  median  received  signal  powar  on  a  35-km  path  Is  2,  15,  27,  end  30  dB  above  diffraction 
for  frequencies  of  1,  3,  9.6,  and  IB  GHz  respectively.  Received  signal  power  at  35  GHz  on  this 
path  is  consistently  30  to  45  dB  above  diffraction  [4] . 

Effects  of  evaporation  ducting  on  over-tha-horlzon  signal  propagation  at  94  CHz  are  presented. 
Results  from  more  than  2000  hours  of  RF  measurements  made  on  a  40.6  km  path  along  the  southern 
California  coast  are  analyzed  In  terms  of  path  loss  (equivalent  to  transmission  loss)  which  Is 
daflnsd  as  ths  ratio  of  transmitted  to  racalvad  powar  assuming  loss-free  isotropic  antennae. 
Numerical  propagation  modeling  results  based  on  meaeured  end  climatological  surface  meteorology 
■re  compared  to  measured  path  loss.  Thsaa  comparisons  sra  good  and  tha  rasulta  strongly  support 
using  the  propagation  modal  to  predict  tha  performance  cf  millimeter  wave  systems  operating  near 
tha  eurfaoa  in  all  ocean  regions. 

A  brief  review  of  the  evaporation  duct  model  end  the  propagation  model  used  in  this  analysis 
precedes  a  discussion  of  the  experiment  end  the  results . 

Models 

In  practice,  boundary- layer  theory  relates  bulk  surface  meteorological  measurements  of  sir 
temperature,  sea  temperature,  wind  speed,  end  humidity  to  the  vertical  profile  of  refractlvlty 
end  thus  the  evaporation  duct  height.  In  e  thermally  neutral  atmosphere  where  the  alr-soa 
temperature  difference  Is  0,  the  modified  refractlvlty  profile  Is  given  by 

H(z)  -  H(0)  +  0. 125(z  -  {*ln(  (z  +  z„)/zc)  )  (1) 

where  z  is  height  above  the  ocean,  4  le  evaporation  duct  height,  and  z0  le  a  length  characterizing 
boundary  roughness.  For  s  thermally  non-neutral  atmosphere,  stability  terms  era  incorporated  into 
Eq.  (1)  (See  Jeake,  [3]).  However,  for  common  departures  from  neutrality,  propagation 
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calculation!  indicate  chat  a  neutral  profile  la  a  raaaonabla  approximation,  provided  that  duct 
height  for  the  neutral  profile  la  calculated  from  obaerved  meteorology.  In  thla  analysis, 
evaporation  duct  height  la  computed  from  aurface  obaarvatlona  ualng  the  Jaake  model  [3],[5|  aa 
implemented  by  Hitney  [6]  with  thermal  atablllty  modlflcatlona  auggeatad  by  Paulua  J 7 ] . 

numerical  propagation  modeling  techniques  have  ahovn  good  agreement  to  SLF  meaauremenc  reaulta 
when  e ingle -a tat ion  aurface  mateoxologlcal  obaarvatlona  era  available  to  determine  the 
refractlvity-veraua-altltude  profile  of  the  evaporation  duct  [8) .  In  a  maritime  environment,  the 
aaaumptlon  of  lateral  homogeneity  (vertical  profile  of  refractlvlty  Invariant  along  the  path  of 
propagation)  la  generally  good  [8], (9]  and  Justifies  a  waveguide  formal tern  [ 10 J - ( 12 J  approach  to 
the  analyale  of  propagation  through  the  tropoaphera.  Numerical  raaulta  era  derived  from  a 
computer  program  called  "HLAYE&"  which  1*  an  anhanced  varalon  of  tha  "XWVC"  program  [13) .  H LAYER 
aaeumea  that  tha  vartlcal  profile  of  refractlvlty  over  tha  aaa  can  be  approximated  by  an  arbitrary 
number  of  linear  aagmanta  and  usea  an  inganloua  technique  [14)  to  find  all  complex  modes  that 
propagate  with  attenuation  rataa  balow  a  specified  value.  Surface  roughness  la  developed  from 
Klrchhoff -Huygens  theory  In  terms  of  rms  bump  height,  a  ,  which  la  related  to  wind  spaed  aa  o 
-  O.OOSlu1,  where  u  la  wind  apasd  (m/s)  [15), [16], 

Tha  determination  of  tha  vartlcal  refractlvlty  profile  la  crucial  Co  tha  KLAYER  calculation!. 
For  neutral  and  atabla  conditions,  tha  duct,  height  la 

-<4. 

i - (2) 

1.32  +  0.0867"R/r» (0.73  -  t4.) 

where  4.  la  tha  potential  refractlvlty  difference  batwssn  tha  air  and  aaa  surface,  R  la  tha  bulk 
Richardson's  number,  and  r  la  an  empirical  profile  coefficient.  Eq.  (2)  aaaumea  that  bulk 
parameters  era  measured  at  a  height  of  8  m  and  that  la  0.00015  m.  Under  neutral  conditions, 
R  la  raro,  hanca  tha  potential  refractlvlty  difference  la  -  -1 . 32-4 .  Tha  potential 

rafraotivlty  gradient  (under  neutral  and  atabla  conditions)  la 

14  14.  [  l./z  +  0.0867-R/r  ] 

- -  (3) 

Ax  10.60  +  0.52-R/r 

where  t  la  tha  height  above  tha  surface.  Again,  undar  strictly  neutral  conditions,  Eq.  (3) 
reduces  to  Ad/Ax  -  Ad»/(10. 60-x) .  Tha  potential  refractlvlty  gradient  la  related  to  tha 
refractlvlty  gradient  aa 

Ad/Ax  m  AN/ Ax  +  0.032  and  to  tha  medlflad  rafraotivlty  gradient  aa 

Ad/Ax  «  AH/Aa  •  0.123.  Ualng  Eqa.  (2)  and  (3),  tha  modified  refractlvlty  profile  waa  determined 
for  evaporation  duct  halghta  from  0  to  20  m  in  2  m  Intervals.  Thaaa  prof Ilea  are  shown  in  Fig. 

1  where  the  surface  modified  refractlvlty  la  referenced  to  0  M-unlts.  Path  loaa  calculations  vara 
made  for  five  rms  bump  halghta;  0.0  (smooth  surface),  0.023,  0.100,  0.250,  and  0.500  a 
corresponding  to  wind  apeeds  of  0.0,  4.3,  8.6,  13.6,  and  19.2  knots. 

For  a  one-way  transmission  system,  signal  power  at  tha  receiver  la 

Pc  -  Pt  +  Gt  -  L  <•  Cc  ♦  G,  (4) 

where  Pt  la  power  transmitted,  Gt  and  G(  are  transmitter  and  receiver  antenna  gains,  and  G,  la 
additional  gain  BMeaurad  from  tha  receiver  antenna  to  tha  point  in  tha  receiver  where  power  la 
measured.  Assuming  transmission -line  loasea  and  other  hardware- related  losaaa  are  accounted  for 
in  Pt  or  Qa,  tha  loaa  L  can  be  written  aa  L  -  L.  +  L,,  where  L*  la  loss  due  to  molecular  absorption 
and  L,  la  loss  accounting  fur  all  other  environmental  and  geometrical  losses.  Tha  advantage  of 
treating  L  as  tha  sum  of  two  Independent  tarns  la  that  than  depends  on  observable  air 
tasqwrature  and  humidity,  wharaaa  L,  depends  on  tha  same  two  observables  in  addition  to  saa 
temperature  and  wind  epesd.  Of  course,  both  loss  terms  depend  on  geometry  of  tha  transmission 
path;  la  tha  product  of  attenuation  rata  and  path  length,  and  L,  Involves  a  complicated 
dependency  on  tha  refractlvlty  profile,  path  length,  and  antenna  halghta, 

Range  dependency  of  absorption- free  path  loss  (L*)  at  a  frequency  of  94  GHx  is  shown  In  Fig. 

2  for  a  normal  atmosphere,  denoted  by  0  duct  height,  and  for  svaporatlon  duct  profiles  (neutral 
stability)  corresponding  to  duct  halghta  of  2,  4,  6,  and  8  a.  In  this  case,  transmitter  and 
receiver  are  5  and  9,7  m  above  a  smooth  aaa  surface,  and  coherent  signal  propagation  (modal 
phasing  Included)  la  asaumad.  At  a  range  separation  of  40  km,  La  for  transmission  through  a 
normal  atmosphere  is  about  250  dB  (assuming  a  typical  0.7  dB/km  molecular  absorption  attenuation 
rata,  total  path  loss  la  about  280  dB) .  For  propagation  In  an  atmosphere  represented  by  a 
refractlvlty  profile  corresponding  to  an  evaporation  duct  height  of  two  maters  (a  rslativaly 
shallow  duct),  L,  la  approximately  184  dB  --  a  "gain*  of  66  dB  compared  to  tha  diffraction 
referanct.  With  an  8-m  evaporation  duct,  path  loaa  lncraaaaa  ’Jlth  range  at  a  fairly  consistent 
rata  of  about  0.2  dB/ka  beyond  30  km. 

Fath  loaa  variation  with  racaivar  height  ia  shown  in  Fig.  3  for  a  path  separation  of  40.6  km. 
The  transmitter  la  located  5  a  above  a  smooth  surface.  In  a  normal  atmosphere,  path  loss  for  a 
racaivar  located  20  a  above  tha  surface  ta  about  230  dB.  For  thla  same  racaivar  In  an  environment 
of  a  2-m  evaporation  duct,  path  loaa  la  about  178  dB;  a  gain  of  52  dB  avan  though  both 
transmitter  and  racaivar  are  outside  of  the  duct. 

Surface  roughness  affects  are  shown  In  Fig.  4  for  a  transmitter  at  5  a,  receiver  it  9,7  m,  and 
a  fixed  path  aaparatlon  of  40.6  km.  Incoherent  signal  propagation  (modal  phase  la  Ignored)  la 
usad  to  represent  abaorptlon-froa  lose,  L..  Higher  wind  speeds  generally  lncraaaa  lose  with 
respect  to  a  smooth  surface,  except  for  a  normal  atmosphere  where  the  wavagulda  modes  are 


evanescent.  For  duct  heights  aBova  10  a,  path  lost  at  tha  two  highast  wind  apaada  ara  naarly 
equal.  Abova  16  a,  path  loaa  for  wind  apaada  greater  than  about  8  knots  ara  naarly  aqual.  In 
these  highly  trappad  caaaa,  aany  vaakly  attanuatad  aodaa  ara  found  and  thn  aggragata  affact  la 
for  convarganca  of  tha  aoda  auaa  to  a  llultlng  valua.  At  94  GHz,  tha  Uniting  valua  of  aurfaca 
roughnaia  appaara  to  ba  a  buap  halght  of  0,5  a. 

CQOinan  description 

A  40.6-km  tranaalaalon  path  along  tha  Southarn  California  coaat  waa  choaan  and  lnatruaantad 
for  tha  aaaauraaant  prograa.  Tha  path  la  ahown  In  Fig.  S.  Tha  tranaalttar  antanna  waa  locatad 
3  a  abova  naan  low  watar  <alw)  at  tha  Dal  Mar  goat  Baaln  facility  of  tha  U.S,  Karina  Corpa  Base 
at  Caap  Fandlaton,  CA,  Thla  antanna,  a  horizontally  polarlzad  12 -Inch- diameter  lana  with  a  0,7° 
baaawldth,  waa  centered  along  cha  path  at  an  alavation  angla  of  zaro  dagraaa.  The  horizon  la  9.2 
k>  and  la  ahown  aa  a  daahad  arc  in  Fl'g.  3, 

Tha  racalvar  alto  waa  at  tha  waatarn  and  of  Serippu  Plar,  located  at  tha  University  of 
California  at  San  Dlago,  CA.  Thla  plar  axtandad  335  a  fron  tha  shorn,  which,  In  all  but  tha  worat 
atoms,  placed  tha  receiver  beyond  tha  surf  zona  (thla  plar  has  since  boon  torn  down  and  replaced 
by  a  new  structure)  Tha  receiver  antanna  waa  locatad  9.7a  abova  alw  (horizon  of  12,9  lua)  and 
waa  pointed  towards  tha  tranaalttar  with  an  elevation  angla  of  zero  dagraaa. 

Tha  RF  tranaalttar  waa  similar  to  tha  racalvar  which  la  ahovn  in  Fig.  6.  An  X-Band 
oaclllator,  phase-locked  to  a  stable  103-NHz  crystal  source,  phase -locked  a  94-CHz  Gunn  dloda, 
Approximately  23  dBa  of  tranaalttar  power  was  generated  by  an  Injection-locked  IMPACT  dloda.  At 
tha  racalvar,  tha  103-HHz  crystal  aourca  waa  offset  froa  the  tranaalttar  crystal  reference  to 
ganarata  an  IF  of  59.8  KHz  which  was  aonltorad  by  a  spactrua  analyzer,  Although  cha  controller 
could  adjust  analyzer  functions  to  optiaiza  signal  detection,  tha  analyzer  waa  typically  sat  for 
a  frequency  span  of  181,7  KHz,  no  Integration,  and  with  video  and  resolution  bandwidth*  of  3  KHz, 
Signal  power  and  frequency  ware  recorded  with  an  affective  sample  tlaa  of  540  Billiseconds. 

Syataa  'constants”  (power  tranaaittad,  antanna  gains,  and  RF-to-IF  gain  of  tha  racalvar)  ara 
listed  In  Table  1.  Total  path  loss  la  related  to  observed  received  signal  power  as  1  -  157  -  P, , 
which  la  tha  aua  of  tha  syataa  constants  alnus  tha  power  racsivad  (see  Eq.  4).  Hinlaua  detectable 
signal  power  at  tha  analyzer  waa  -83  dBa,  which  corresponds  to  a  aaxlaua  datactabla  path  loaa 
of  *  240  dfi  (L  -  157  •  -83).  Diffraction  la  about  250  dB  for  tha  gaoastry  of  tha  path  (Sea  Fig. 
2).  Therefore,  without  evaporation  ducting,  tha  signal  should  bs  10  dB  balow  tha  racalvar  nolaa 
laval  and  should  not  ba  datactabla.  However,  the  expected  gain  of  about  60  dB  through  evaporation 
ducting,  lata  tha  axpactad  molecular  absorption  loaa  of  about  30  dB,  places  tha  signal  at  about 
220  dB  which  la  datactabla  by  tha  racalvar. 

Tha  dynamic  range  of  tha  analyzer  waa  aufficlant  to  lock  onto  and  track  tho  signal  In  all 
conditions,  axcapt  whan  thara  waa  precipitation  along  tha  path,  which  waa  rsra,  A  moderate  rain 
ahowsr ,  uniform  along  tha  path,  could  Increaso  path  loaa  by  100  dB,  making  any  practical  recaption 
Impossible.  Aa  a  rafarsnea,  tha  basic  fras-apaca  tranaalaalon  loss,  (4*d/l),  la  164  dB,  where 
d  fa  tha  range  separation  and  X  la  tha  wavelength. 

Air  temperature,  aaa  temperature,  relative  humidity,  wind  spaed,  and  wind  direction  ware 
recorded  at  Scrlpps  Plar  In  conjunction  with  tha  KF  maaiureaenta.  Table  2  daacrlbaa  tha  aurfaca 
meteorological  aanaora,  which  ware  aonltorad  by  a  data  acquisition  syataa  that  naapled  and  storad 
tha  data  ovary  10  asconds. 

In  operation,  aaasursaanta  wars  recorded  24  hours  par  day,  To  reduce  tha  volume  of  data, 
statistics  of  rnn  and  standard  deviation  vara  locally  computed  for  10-mlnuta  Intervale, 
Approximately  60  samples  of  surface  meteorology  and  approximately  1000  sample*  of  power  monitored 
at  tha  analyzer  ware  used  to  compute  thaaa  statistics.  Tha  local  data  (statistics)  wars 
automatically  transferred  for  further  analysis  via  modem  llnea  to  computers  at  Naval  Ooean  Systems 
Center,  about  10  alias  south  of  tha  racalvar  alt*. 

Evaporation  duct  halght  and  molecular  absorption  war*  computed  froa  observed  raw  valua*  of 
aurfaca  meteorology.  Abaorptlon-fraa  path  loss  waa  determined  by  a  look-up  procedure  into  a 
precomputed  two  dimensional  table.  On*  dimension  of  this  table  was  evaporation  duct  halght  from 
0  to  20  m  in  2-m  Intervals j  tha  other  dimension  was  ms  buap  height  spaclfiad  at  0  (smooth 
surface),  0.25,  and  0.50  u. 

RESULTS 

MEASUREMENTS 

Measurements  began  In  lata  July  1986  and  continued  through  early  July  1907.  Eight  periods, 
totaling  102  day*  of  operations,  war*  completed  during  this  time.  Table  3  list*  the  time  periods 
in  which  measure manta  war*  mad*. 

On* -way  transmission  path  data  wars  analyzed  by  comparing  obasrvad  rma  path  loaz  (tranaalaalon 
loss)  to  path  lost  computed  for  both  evaporation  duct  halght  and  rma  bump  height,  which  war* 
calculated  from  aurfaca  meteorological  quantities  measured  at  tha  racalvar  alt*.  Absorption- 
fiaa  path  loss  calculated  by  M1AYER  waa  stodf fled  by  adding  molecular  absorption  loaa  calculated 
from  aurfaca  meteorology  {reference  [17])  li,  order  to  compare  It  to  observed  total  path  loam. 
Molecular  absorption  loaa  during  (In  untire  Maauramant  prograa  averaged  approximately  30  dB. 

Figure  7  shows  tha  tlaa-aarlaa  of  aurfaca  meteorology,  measured  path  loaa,  and  predicted  path 
lots  lor  a  rapraaantatlva  measurement  period.  Figure  7(a)  la  a  tlma-aariaa  plot  of  measured  air 
temperature  (C) ,  ralatlva  humidity  (t),  and  wind  apasd  (knots),  Also  included  In  thla  flgura  la 
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the  computed  molecular  absorption  (dB) ,  labeled  aa  o.  Tha  time  shown  on  tha  abscises  la  plotted 
In  local  time;  hour  00  la  aaaoclacad  with  tha  tic  nark  abova  tha  first  character  In  tha  day  labal. 
Capa  In  tha  data  (around  August  B)  vara  due  to  software  and  hardware  failures  that  wara  manually 
corrected. 

In  thla  period,  relative  humidity  was  nearly  alwaya  greater  than  90  t  and  accompanied  with 
light  winda.  Sea  temperature  waa  fairly  constant  at  about  20  dagraaa  Celalua.  Figure  7(b)  ahows 
the  alr-aea  taaparatura  difference  and  tha  calculated  evaporation  duct  height.  Diurnal  changea 
of  about  3  degren  Celalua  In  air  taaparatura  arc  observed  early  In  thla  period  and  becone  leas 
pronounced  later.  Wind  direction,  Fig.  7(c),  shows  sons  land-sea  breeaa  effects  up  until  about 
August  4th  when  the  breeze  beeue  fairly  conatant  from  the  northwest.  Fig.  7(d)  shows  tha 
observed  and  predicted  path  loss,  Predicted  path  lose  la  derived  froa  adding  the  calculated 
absorption  to  tha  path  loss  calculated  for  the  evaporation  duct  height  on  a  point -by -point  baala. 
Considering  that  the  prcpagatlon  nodal  aaauawa  spatial  and  temporal  homogeneity  along  the  entire 
40.6  km  path,  tha  tima-serias  agreement  between  tha  observed  and  predicted  path  loss  la 
remarkable . 

With  no  evaporation  ducting,  the  estimated  path  loas  la  the  sum  of  tha  diffraction  path  loss 
and  tha  molecular  absorption,  The  diffraction  loss  for  the  path  geometry  la  250  dB;  tha  average 
molecular  absorption  loss  la  seen  to  be  about  33  dB  (Fig.  7(a));  therefore  tha  estimated  path 
loss  with  no  evaporation  ducting  la  about  285  dB.  Froa  Fig.  7(d),  tha  averago  observed  path  loss 
la  about  22S  dB,  which  la  60  dB  lass  than  what  1s  expected  using  normal  or  4/3  earth  propagation 
prediction  models.  However,  the  observed  path  loss  i«  about  60  dB  greater  than  the  free-apace 
level  (164  dB)  which  means  that  radar  applications  are  unlikely  unless  the  target  has  a  large 
radar  cross-section. 

ALL  MEASUREMENT  PERIODS  COMBINED 

Tha  crucial  parameter  that  relates  path  loss  to  surface  meteorological  conditions  is 
evaporation  duct  height.  A  scatter  plot  of  difference  between  observed  and  predicted  path  loss 
In  relation  to  calculated  duct  height  la  shown  In  Fig.  8.  All  102  days  of  observations ,  more  than 
12,000  data  points,  arc  Included.  Predicted  path  loss,  on  average,  underestimates  observed  path 
loss  by  spproxlmataly  10  dB  and,  In  tha  extremes,  undarsstlsacss  by  nearly  40  dB  and  overaatlmatss 
by  22  dB.  A  trend  line,  computed  from  e  histogram  of  scatter,  indlcatee  median  error.  The  trend 
Is  for  srror  to  lncresse  with  duct  hslght  up  tu  heights  of  about  3  n;  madlan  error  Is  relatively 
flat  for  higher  duct  heights. 

Wind  speed  strongly  affects  both  svaporatlon  duct  hslght  and  surface  roughnaaa.  Higher  winds 
generally  increase  duct  height  and  Increase  attenuation  due  to  roughness.  A  scatter  plot  of 
error  In  path  loss  with  relation  to  wind  epead  la  shown  In  Fig,  9.  A  trend  line  lndlcetae  that 
median  error  Is  about  2.3  dB  for  winds  lass  than  1  knot  and  Increases  to  «  14  dB  at  about  5  knots. 
For  winds  greater  than  about  5  knots,  error  remains  nasrly  constant  at  about  14  dB,  It  Is 
tempting  to  reduce  the  -actor  bias  by  modifying  rms  bump  height  because  the  surface  roughness 
formulation  In  HLAYER  Is  one  of  ths  largest  uncertainties  at  mllllmatsr  wavelengths ,  However, 
tha  measurement  program  was  designed  to  test  for  gross  environmental  affects;  a  modification  to 
rms  bump  height  or  surface  roughness  formulation  cannot  be  Justified  from  this  data, 

CLIMATOLOGY 


A  comparison  of  observed  absorption- free  path  loss  to  predictions  derived  from  a  separata 
climatology  of  svaporatlon  duct  heights  [1]  Illustrates  an  application  of  tha  propagation  modal 
to  the  asseeemant  of  a  millimeter  wave  system.  Tha  evaporation  duct  climatology  Is  based  bn  15 
years  of  surface  meteorological  observations  (normally  taken  by  ships  at  saa)  from  which  tha 
distribution  of  evaporation  duct  heights  wara  computed.  All  ocean  areas  were  analyzed  in  10°  x 
10°  grids  (Marsden  Squares).  For  the  San  Dlsgo  off-shore  area,  the  evaporation  duct  height 
frequency  distribution,  Fig.  18,  shows  a  peak  for  duct  heights  between  6  and  10  m.  Duct  heights 
greater  than  20  m  are  infrequent.  Combining  this  distribution  with  the  results  shown  in  Fig,  4 
(0.25  m  bump  height),  gives  an  accumulated  frequency  distribution  which  Is  shown  as  a  solid  line 
In  Fig.  11.  Observed  absorption- free  path  loss  la  plotted  on  the  came  figure  as  a  dotted  line. 
Free  space  and  diffraction  fields  are  referenced,  Although  the  predicted  path  lose  distribution 
consistently  underestimates  ths  observed,  it  la  clearly  a  better  predictor  compared  to  assuming 
a  normal  atmosphere  representation  of  tha  environment,  in  ths  worst  cast,  it  is  only  some  10  dB 
less  than  observed,  whsraes  tha  difference  Is  about  4  dB  at  the  50  percent  level.  The  observed 
path  loss  reduction  from  diffraction  exceeds  63  dB  half  of  ths  time;  90  percent  of  the  time  ths 
reduction  exceeds  55  dB,  Both  predicted  and  observed  distributions  show  that  path  losa  Is  45  dB 
leas  than  the  diffraction  reference  100  percent  of  tha  time  (the  occurrence  of  ruin  was  negligible 
during  the  measurements) . 

CONCLUSIONS 

Low  altitude  propagation  of  millimeter  waves  at  ranges  beyond  the  radio  horizon  is  strongly 
Influenced  by  the  evaporation  duct ;  for  tha  propagation  path  used,  received  power  levels  are  on 
the  order  of  50  to  100  dB  greater  then  the  power  levels  expected  for  propagation  through  a 
nonducting  or  normal  atmosphere. 

A  single-station  measure*  nt  of  surface  meteorology  is  adequate  to  analyze  millimeter  wave 
propagation  over  the  ocean.  On  a  point -by -point  comparison,  modeling  typically  underestimates 
observations  by  about  10  dB;  the  error  la  probably  due  to  incomplete  considerations  of  both 
horlxontal  heterogeneity  and  surface  roughneaj  effects.  Direct  sensing  of  tha  environment  on  the 
scale  of  kilometers  In  tha  horizontal  and  mstera  In  tha  vartlcal  is  Impractical,  however, 
plans tary  boundary  layar  models  and  remote  sensing  techniques  may,  In  the  future,  offer 
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considerable  improvement  to  the  propagation  analyeia.  The  formulation  of  aurface  roughneae  in 
the  propagation  model  ie  one  area  that  la  actively  being  examined  for  a  more  complete 
understanding. 

In  summary ,  the  lncreaae  in  received  signal  strength  due  to  the  presence  of  the  evaporation 
duct  has  bean  realistically  modeled  and  provides  an  accurate  estimate  of  actual  nillimeter  wave 
system  performance.  The  significant  system  "gain"  due  to  evaporation  ducting  is  clearly  an 
Important  consideration  in  the  design  stages  of  moderate  range,  over-vater  millimeter  wave 
systems. 
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Tebla  1  RF  Syetem  Cona Cants 


Component 

Value 

Transmitter  power 

23 

dBm 

Transmitter  antenna  gain 

47 

dBi 

Receiver  antenna  gain 

47 

dBl 

Recalvar  RF-to-IF  gain 

40 

di 

Tabla  2  Surf  act  Meteorological  Sensora 


Sensor 

Type 

Accuracy 

Response 

Air  temperature 

Platinum  RTD 

0 . 1  deg  c 

10  aec 

Sea  tamperatura 

Platinum  RTD 

0.1  dag  C 

30  sec 

Relative  humidity 

Crystallite  fiber 

6  I 

60  sec 

Wind  speed 

Cup 

1  % 

1.5  ra 

Wind  direction 

Vane 

1  deg 

1.1  ra 

Tabla  1  Dates  of  Heaauremente 


Start 

End 

July  29,  1986 

August  10 

September  2,  1986 

September  11 

October  7,  1986 

October  20 

November  18,  1986 

November  23 

December  1,  1986 

December  23 

January  13,  1987 

January  30 

May  4,  1907 

May  14 

June  30,  1987 

July  5 

ABSORPTION-FREE  PATH  LOSS  (dB) 


ABSORPTION-FREE  PATH  LOSS  (<ffl)  RECEIVER  HEIGHT  (m) 


250  240  230  220  210  200  190  180  170  180  150 

ABSORPTION-FREE  PATH  LOSS  (dB) 


Fig.  3.  Absorption- free  path  loss  (Incoherent)  for  a 
transmitter  at  5  o,  ranga  separation  of  40.6  km,  and  a  smooth 
surface.  The  curves  are  labeled  vith  the  duct  height. 


EVAPORATION  DUCT  HEIGHT  <m) 


BUMP  WIND 
HEIGHT  SPEED 


CURVE  (m)  (knot) 


— 

0.00 

0 

□ 

0.025 

4.3 

• 

0,100 

8.5 

A 

0.250 

13.8 

-o- 

0.500 

18.2 

Fig.  4.  Effects  of  surface  roughness  nt  94  GHz. 
Transmitter  at  5  m,  receiver  at  9.7  a,  and  range  separation 
of  40.6  km.  The  rras  bump  height,  expressing  the  surface 
roughness,  is  derived  from  Kirehoff -Huygens  Theory  (sec 
Ament,  1933;  Phillips,  1966) . 


Fig.  b.  TransmLss ion  path  from  Camp  Pendleton  to  Set lpps 
Pier,  CA.  Normal  radio  horizon  Is  Indicated  by  the  d.iahod 
arcs  centered  on  the  transmitter  and  receiver  sites. 


Fig.  6. 


Rocolvor  system  installed  «L  Scrlpps  Pier,  CA. 
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Fig.  7a.  Air  caaparacur* ,  relative 
humidity,  and  wind  apead  measured 
at  Sorippa  Plar,  Kolacular  absorption 
at  94  CHx  calculated  from  surface 
meteorological  measurements. 


Fig.  7b.  Air- sea  temperature 
difference  at  Scrlppa  Plar  and 
calculated  evaporation  duct 
height. 


Fig.  7c.  Wind  direction  at 
Scrlppa  Pier, 


Fig.  7d.  Measured  path  loaa  (dotted) 
and  predicted  path  loaa  (solid). 


Fig.  7.  Meteorological  nnd  radio  data  recorded  in  the 
measurement  period  fron  July  29  to  August  10,  1986. 

Predicted  path  loaa,  shown  as  the  solid  curve  in  Fig.  7d, 
tends  to  underestimate  tha  measured  path  loss  (dotted  curve) 
by  10  dB, 


0  S  10  15  20 

EVAPORATION  DUCT  HEIGHT 

(m) 


Fig.  8.  Error  (dB)  between  predicted  and  observed  path  loss 
In  relation  to  observed  evaporation  duct  height.  All  data 
measured,  without  qualification,  are  presented.  A  positive 
error  Indicates  prediction  underestimates  observation. 
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Fig.  9.  Path  loss  error  (dB)  In  terms  of  observed  wind 
■peed  (knt)  for  all  measurements . 


PERCENT  EXCEEDING  PERCENT  TIME 


Fig.  10.  Climatological  evaporation  duct  height 
distribution  for  the  San  Diego  off-shore  area. 


Fig.  11,  Absorption- free  path  loss  distribution  predicted 
from  the  distribution  In  Fig.  10  compared  to  the  Measured 
(dotted  curve) .  Total  path  loss  can  be  approximated  by 
reading  the  desired  percentage  and  adding  30  dB  (average 
absorption  loss)  to  the  corresponding  abscissa  coordinate. 
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N.  LCVI 

Does  diffuse  reflection  from  the  rough  sea  surface  contribute  to  transmission  .loss?  Is 
it  modeled?  It  might  explain  the  discrepancy  between  measurements  and  prediction. 

AUTHOR ' 8  REPLY 

We  presently  model  sea  surface  roughness  effects  by  simple  modification  of  the  reflec¬ 
tion  coefficient,  A  rigorous  approach  is  being  incorporated  into  our  treatment  using 
the  parobolic  equation  approximation. 

J.  BACH  ANDERSEN 

Do  you  assume  horizontal  homogeneity  of  the  duct,  and  could  deviations  explain  the 
observed  path  loss? 

AUTHOR'S  REPLY 

Yes,  horizontal  homogeneity  is  assumed  and  this  is  clearly  not  always  correct.  Spatial 
and  temporal  variations  over  the  path  maybe  a  major  factor  in  explaining  the  differences 
between  the  observed  and  predicted  path  loss.  However,  our  present  modeling  explains 
the  60dB  signal  enhancement  above  what  one  would  expect  under  standard  atmospheric 
conditions  and  seems  to  be  a  satisfactory  first  order  approximation. 

J.  RICHTER  ( COMMENT) 

In  response  to  Professor  Bach  Andersen's  question,  horizontal  inhomogeneity  of  ducting 
conditions  along  the  path  may  certainly  be  one  of  the  reasons  for  discrepancies  between 
calculated  and  measured  field  strength  values.  Ducting  parameters  were  measured  only  at 
one  end  of  the  propagation  path  and  horizontal  homogeneity  was  assumed  along  the  path. 

D.  HOHN 

Are  similar  effects  possible  over  land,  under  specific  conditions,  like  melting  snow, 
after  rain,  etc? 

AUTHOR'S  REPLY 

In  my  opinion,  it  is  unlikely  to  see  similar  effects  over  land.  The  surface  would  have 
to  be  relatively  smooth  over  ranges  of  fans  of  kilometers  and  provide  an  unlimited 
moisture  source. 
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SUMMARY 

Preliminary  result*  of  *  Joint  Extremely  High  Frequency  (EHF)  radio  ralay  trial  between 
SHAPE  Technical  Contra  (STC)  and  tha  Da 1 ft  Unlvaralty  of  Technology  (UUT)  ara  presented, 
The  trial  wau  established  to  atudy  tha  effects  of  meteorological  disturbance! ,  of  which 
rain  Is  the  principle  causa,  on  a  digital  radio  ralay  path  12.7  kis  long  operating  at  37.5 
CHz.  Practical  uaa  for  thaaa  radio  relay  linka  la  found  In  local  giada  connactlona  in  an 
Integrated  Services  Digital  Network  (ISDN). 


1.  1NTP0DUCTI0N 

A  joint  study  between  SHAPE  Technical  Centra,  The  Hague,  and  the  Delft  University  of 
Technology  wua  started  In  1987,  with  the  goal  to  investigate  when  and  how  often  the  micro- 
structures  within  rain  calls  disturb  the  CCITT  performance  objectives.  Therefore  a  12.7  km 
experimental  radio  relay  link  was  eatabllshad  between  DUT  and  FEL-TNO  Tha  Hague,  operating 
at  37.5  CHz .  Tha  disturbances  of  the  radio  Vink  ware  quantified  by  measuring  the  signal 
loss  due  to  precipitation,  in  terms  of  bit.  error  rat*  and  signal  attenuation,  and  the  rata 
of  precipitation  at  three  points  on  tha  path.  Measurements  were  carried  out  continuously 
until  April  1998.  From  the  data  collected,  soma  events  were  selected  for  further  analysis. 
The  remaining  data  consisted  of  23,000  records. 

The  user  service  performance  objectives  for  digital  radio-relay  systems  to  support  ISDN  are 
contained  In  a  series  of  complementary  CCITT  and  CCIR  Rscommondati ons .  The  CCITT  has  chooen 
to  specify  performance  In  Recommendation  G.821  In  terms  of  errorud  intervals  (El).  However, 
since  ISDN  circuits  mostly  will  be  multiplexed  on  the  transmission  link,  direct  measurement 
of  El  on  tha  link  Is  not  likely  to  be  represontative  for  the  channel  performance.  In  digi¬ 
tal  radio  systema  the  flgure-of -merit  traditionally  Is  the  bit  error  ratio  (BER). 

In  this  study  the  digital  link  is  characterized  on  the  baste  of  the  CCITT  Recommendation 
C.821.  The  error  performance  objectives  for  transmission  links  to  establish  local  grade  in¬ 
ternational  ISDN  connections  arg  shown  In  Table  1.  These  objectives  have  been  set:  n  under 
the  condition  thjt  a  BER  of  10  Just  satisfies  the  quality  specifications  for  reception, 
and  a  BER  of  10  ,  measured  per  second  Intervals  end  lasting  for  at  least  10  seconds,  makes 

the  connection  unavailable.  Dependent  on  error  correction  coding  techniques,  roliabla 
reception  can  be  maintained  for  s  BER  aa  high  ts  10*  . 


2.  THEORETICAL  CONSIDERATIONS 

Above  300  MHz  up  to  10  GHz  tha  main  propagation  aspects  to  be  studied  are  the  characteriza¬ 
tion  of  multipath  propagation  coming  1'rou 

-  reflection  ut  the  earth’s  surface; 

-  refraction  In  a  clear  sir  layered  troposphere; 

-  diffraction  at  obstructions  like  hills,  buildings,  etc. 

Above  10  CHz  Ills  radio  wsvs  propagation  studies  in  the  troposphere  are  extended  with  inves¬ 
tigations  of: 

-  attenuation  due  to  gas  absorption  effects; 

-  attenuation,  scattering  and  depolarization  by  hydromcceors  in  tha  radio  beam  like 
snow,  hall  end  melting  particles. 

By  selection  of  the  radio  frequencies  between  the  absorption  lines,  the  corresponding  at¬ 
tenuation  can  ba  minimised. 

So  far  the  hydromstsor  scattering  on  a  digital  radio  system  is  considered  as  a  pure  at¬ 
tenuator  in  the  transfer  function  to  characterise  the  path.  No  dispersion  -  due  to 
scattering  from  distinct  rain  oelli  and  their  mlcro-atructure,  located  within  the  Freenel 
zona  of  the  path  -  la  assumed.  For  verification  it  Is  thsn  sufficient  to  measure  the  at¬ 
tenuation  statistics  on  tha  link  together  with  a  separate  measurement  of  the  received  power 
level,  In  particular  the  BER,  se  function  of  the  Carrier- to-Nolse  Ratio. 
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3.  CONFIGURATION  OF  THE  TAIAL 

An  uusiMnt  of  NATO1  *  current  requireMnts  showed  that  tho  primary  interest  was  In  short 
tsrrsetrial  transmission  links  10-15  ka  long.  Tho  two  sltas  selected  for  tho  trial  voro  lo- 
catod  ac  FEL-TNO  Tho  Hague  (next  to  STC)  and  Dolft  UT,  which  aro  In  lino  of  sight  and  hava 
a  radio  path  of  12.7  ka.  Tho  outline  of  tho  radio  relay  oqulpaont  character Is t.^s  are  shown 
In  Table  2. 

The  BEE  tsst  blocks  were  transaltted  outwardly  froa  Delft  UT  to  the  FEL-TNO  The  Hague  and 
then  relayed  Inwardly  back  to  Delft  UT,  where  any  errors  detected  were  encountered.  With  a 
transmission  rate  of  5  Kbps  and  a  block- length  of  100  Kb,  BER  aeasureaents  were  done  In  a 
20  seconds g interval  using  a  Data  Error  Analyser.  Recording  of  DER  only  occurred  If  it  ex¬ 
ceeded  10  .  The  received  power  level  then  also  was  recorded  by  Manuring  the  receiver  ACC 

voltage,  which  had  a  linear  relationship  with  the  received  power  level. 

Rain  rate  Masurlng  sites  were  selected  such  that  there  was  one  at  each  end  close  to  the 
radio  relay  equipment  and  a  third  apprnxlsately  aldpath.  The  rain  rate  integration  tlee  was 
set  to  20  seconds  to  be  coapatlble  with  the  BEX  eessureeents ,  A  threshold  collection  value 
was  set  to  2  aa/hr,  In  order  to  avoid  collecting  an  excessive  amount  of  data  and  to  avoid 
data  on  isolated  bursts  of  only  2-3  nonaallxed  drops  in  a  20  second  sasple. 

The  gain  nargln  of  t’.ia  equlpMnt  equals  157  dB  and  deteraines  the  aaxlaua  tolerable 
propagation  path  losses  before  the  received  power  level  reaches  -68  dBa.  This  level  refers 
to  the  r.f.  power  at  the  alxar  Input  of  the  radio  relay  equlpMnt  for  a  BEX  of  10**  and  a 
transalsslon  race  of  20  Kbps. 

The  clear  air  propagation  losaea  along  the  path  consist  of  free  space  loss  and  oxygen  ab¬ 
sorption.  With  a  path  length  of  12.7  ka  and  frequency  of  37.5  QHx,  the  free  space  loss 
equals  146  dB.  The  oxygen  absorption  at  37.5  CH*  lies  betwsen  0.06  and  0.07  dB/ka  [3],  that 
la  an  additional  loss  of  between  0.76  and  0.B9  dB  for  the  12,7  ka  path.  The  total  clear  air 
loss  then  equals  146.9  dB. 

The  theoretical  system  Mrgln  Is  defined  ~r,  the  gain  Mrgln  minus  the  total  clear  air 
propagation  losses  and  hence  equals  10.".  dB.  This  Mans  that  an  additional. loss  of  10.1  dB 
along  the  path  can  be  tolerated  without  introducing  BEX'S  greater  than  10*  . 

The  excess  attenuation  due  to  rain  is  dependant  on  the  structure  of  ralnfell  (size  dis¬ 
tribution,  shape,  canting  angle,  temperature  and  fall  velocity  of  raindrops).  In 
homogeneous  rain  the  relationship  between  the  attonustion  coefficient  end  the  rain  Inten¬ 
sity  la  given  by: 

7  “  K 

where  y  *  excess  attenuation  (dB/ka) 

R  -  rain  rate  (aa/hr) 

K  and  a  are  frequency  and  polarization  dependent. 

Relevant  values  for  K  and  a  are  shown  in  Table  3  as  given  In  [3], 

An  asaessMnt  of  the  aaxlaua  tolerable  homogeneous  rain  rata  Over  a  12.7  ka  path  Is  as  da  by 
using  averaged  figures  In  Table  3  (frequency  37.5  GHz,  polarization  45°)  and  the  subsequent 
theoretical  system  Mrgln: 

Haxiaua  loos  -  10.1  dB  /  12.7  ka  -  0.80  dB/ka 

By  Inserting  these  values  Into  j-Kl*  the  aaxlaua  rain  rate  is  spproxlMtely  determined 

as : 


R  «  3  -  4  M/hr 

Widespread  or  stratlforw  rain  only  occurs  at  very  low  rain  rates,  below  about  2  aa/hr. 
Cumulative  rainfall  data  available  indicated  that  these  conditions  would  exist  for  less 
than  0.1%  of  the  year  (3).  The  theoretical  calculations  show  that  the  link  was  likely  to  be 
unaffected  by  low  rain  rates  unless  the  transmitter  power  was  reduced  to  a  ainlaua. 

The  inward  radio  link  froa  FEL-TNO  The  Hague  to  Delft  UT  was  established  in  clear  air  con¬ 
ditions.  The  transmitter  power  at  FEL-TNO  The  Hague  was  reduced  such  that  the  received 
power  level  at  Delft  UT  was  about  -69  dBa.  Hence,  no  errors  occurred  In  clear  air  condi¬ 
tions,  but  the  inward  link  would  be  sensitive  to  propagation  path  disturbances.  The  outward 
link  froa  Delft  UT  to  FEL-TNO  The  Hague  was  set  to  aaxlaua  power  such  that  the  Inward  link 
would  collapse  before  bit  errors  were  Introduced  on  the  outward  link.  Thus  BER  MasureMnts 
could  be  considered  to  have  taken  place  over  the  Inward  path  only. 


4.  ANALYSIS  OF  TRIAL  RESULTS 

Initial  analysis  consisted  of  an  aaseisMnt  on  how  the  Mdiua  attenuated  the  signal  power. 
With  the  prior  knowledge  that  significant  attenuation  of  received  signal  power  vould  take 
place  during  periods  of  Intense  rainfall  betwaen  Hay  to  September  a  set  of  BEK  data 
MasursMnts  wow  selected  for  enalyels.  This  sample  contained  over  23,000  records  and  was 
conaldarad  a  statistical  Manlngful  saapls  size.  The  Man  and  Mxiaua  davlatlon  in  BER  ver¬ 
sus  racsivsd  signal  lavsl  are  plotted  In  Flg.l  and  are  compared  with  the  result  of  rsductng 
tho  FEL-TNO  The  Hague  relay  transmitter  power  manually ,  The  data  collected  contained  power 
MaaureMiita  In  increMnta  of  0.1  dB, 
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The  received  signal  power  attenuation  for  a  BEE  of  1^  veraus  the  nuabar  of  records  was 
analyzed.  The  corresponding  results  for  a  BER  of  lu’ J  were  also  made  by  extrapolating  the 
results  from  Fig.l,  that  la  a  parallel  line  5  dB  lower.  The  results  of  this  analysis  are 
shown  in  Fig, 2. 

The  cumulative  distribution  of  error  tiiee  was  analyzed  for  a  BER  of  10  ,  This  shows  that, 

in  this  set-up  with  no  power  control,  the  maximum  length  of  error  was  30  blocks  correspond¬ 
ing  to  10  aimitas.  For  17%  of  tha  total  errored  ciae,  errors  were  confined  to  single  blocks 
corresponding  to  20  seconds . 

Initial  analysis  of  the  rain  rata  data  collected,  consisted  of  a  quality  assessment.  Data 
collected  at  STC,  Ypenburg  and  Delft  for  the  period  March  9  to  September  4  was  assessed  In¬ 
dividually  and  collectively.  The  cumulative  distribution  of  point  rain  rate  for  each 
individual  gauge  is  shown  in  Fig. 3.  The  conblned  averages  for  all  three  gauges  are  ehown  in 
In  Fig. 4.  Tha  rasulte  are  conslatant  with  only  a  small  variation  at  the  STC  site  due  to  Its 
close  proximity  to  the  crest.  The  total  rain  obaervatlon  time  tha  rain  rata  exceeded  2 
mm /hr  waa  nearly  100  hours  ovsr  a  period  of  148  days.  Tills  main*  that  each  point  on  the 
path  was  disturbed  for  about  2.8%  of  the  total  time. 


3.  CONCLUSIONS 

The  elm  of  the  first  phase  of  the  trial  was  to  derive  general  conclusions  from  a  communica¬ 
tions  system  engineering  standpoint  and  to  determina  the  method  for  the  subsequent  study. 
The  general  conclusions  from  s  system  engineering  standpoint  are  as  follows: 

The  relationship  betwesn  EER  and  racaivad  power  can  be  regarded  as  linear  over  the  range  of 
BER  10’  to  lo'  .  This  makes  it  possible  to  simply  couple  the  receiver  power  level  to  thn 
BER  in  order  to  provide  adaptive  power  control. 
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Overall  link  availability,  for  a  BER  of  10  end  leia  then  5  dB  attenuation,  waa  found  to 
be  99.5%,  This  means  that  with  a  link  margin  of  5  dB  only  the  degraded  minutes  and  errored 
seconds  performance  objectives  for  local  grade  International  ISDN  connections  Included  In 
CC1TT  Recommendation  C.821  (Table  1/C. 821)  would  ba  fulfilled.  This  was  considered  to  be 
slgnlflcsnt  during  one  of  the  worst  summers  on  record  (certainly  worst  month). 

Long  periods  of  rainfall  at  low  rain  rates  had  no  effect  on  link  availability,  thus  the  ef¬ 
fects  of  low  rein  rates  on  line  of  sight  radio  rslay  paths  operating  In  the  37.5  CHz  band 
may  be  disregarded  from  a  communications  standpoint. 

A  link  margin  of  5  dB  would  be  unlikely  to  meet  the  severely  errored  seconds  objectives  for 
locsl  grsde  International  ISDN  connections  included  in  CCXTT  Recommendation  C.821  (Table 
1/G.821).  Whether  the  objectives  esn  bs  met  by  increasing  the  link  margin  or  by  coding  re¬ 
quires  further  investigation. 

Even  at  very  low  rain  rates  a  rain  cell  structuro  can  exist.  It  was  concluded  from  this 
measurement  campaign  that  low  level  rein  rates  were  of  no  further  Interest. 

At  higher  precipitation  retie  the  rain  forms  cells.  The  nature  of  this  phenomenon  is  such 
that  It  is  unlikely  that  two  celln  will  cross  e  communication  path  at  the  seme  time.  This 
means  that  the  excess  attenuation  la,  to  some  extent,  independent  of  link  length.  Thus  the 
use  of  relays  are  unlikely  to  Improve  link  availability. 
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Performance  classification  Objective 

Degraded  minutes  Fewer  than  0.4%  of  one  Minute  intervals  In  any  month 

to  have  a  BEK  worse  than  1.10’D 


Severely  errored  seconds  For  local  grade  connections,  fewer  than  0.054%  of 

one  second  Internals  In  any  Month  to  have  a  BER 
worse  than  1 . 10 


Errored  seconds  Fewer  than  0.32%  of  one  second  Intervals  in  any 

Month  to  have  any  errors  (equivalent  to  92%  error- 
free  seconds) 


Table  1:  Performance  Objectives  for  local  grade  International  ISDN  connections. 


Transmit  frequencies 

Modulation 
Transmit  Power 

Transmit  losses 

Polarisation 

Antenna  gain 
Antenna  beacwldth 


Station  at  DUT  3/. 66  CHx  Station  at  FEL-TNO  37. A3 
GHz 

Analogue  FM 
100  tU  (nominal) 

-1.4  dB 

Linear,  45  degress  orientation  between  vertical  and 
horizontal 

35  dB,  10.3  Inch  dlaaeter  lens  assembly 
2.5  degrees 


Table  2:  Outline  of  radio  relay  equipment  characteristics. 


Frequency  GHz  K 

H  V 

35  0.2629  0.2334 

40  0.3495  0.309B 


a 

H  V 

0.9789  0.9633 

0,9391  0.9287 


Table  3:  Values  for  K  and  a  for  horizontal  (H)  and  vertical  (V)  polarization. 


AMOlvt*  piwmr  !««•)  |m*w] 


Figure  1.  Mean  and  maximum  deviation  in  BEK  vs  received  signal  level. 


Figure  2.  Distribution  of  BER  records  vs  attenuation  of  received  signal  power. 

P  If*  '  < )  (HI 


a  :  rain  rat* 


figure  3.  Cumulative  distribution  of  point  ruin  rate. 
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figure  k.  Combined  cumulative  distribution  of  rain  rate. 


i 


10-6 


DISCUSSION 


C.  OIBBIMS 

What  hind  of  rain  gauge  did  you  use? 

AUTHOR'S  REPLY 

Each  gauge  ie  comprised  of  a  rain  collaator/drop  counter,  and  a  pulse  shaping/ integra¬ 
tion  unit.  The  rain  was  collected  by  means  of  a  funnel  and  formed  into  drops  of  uniform 
size.  These  falling  drops  intersected  an  infrared  light  beam  and  were  counted. 

C.  OOUTHLARD 

You  envision  the  use  of  coding  techniques  to  improve  relay  link  performance.  Consider¬ 
ing  the  observed  outage  time,  I  think  that  you  have  to  use  very  powerful  codec  like  the 
FIRE  codes,  or  even  better,  the  kasani  codes.  Their  decoding  is  complex  and  may  be  very 
expensive  because  of  the  speed  you  are  using.  Do  you  have  any  solutions  in  mind? 

AUTHOR'S  REPLY 

Up  to  now  we  did  not  pay  much  attention  to  coding  in  very  great  detail.  Depending  on 
the  costs  involved  for  either  increasing  the  transmitter  power,  coding  or  a  combination 
of  these,  we  hope  to  be  able  to  reach  a  recommendation  about  the  most  oost-effeotive 
solution  at  the  end  of  the  second  phase  of  the  trial. 
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MM-WAVE  REGION  PROPAGATION  EXPERIMENTS  BY  SATELLITE 


PAOLO  RICC2  -  ANTONIO  FLORiO 
Selenla  Spazio  -  Italy 

via  Saccomuro,  24  -  00131  Roma 


1  SUMMARY 

This  paper  Is  aiming  to  the  topics  of  the  RF  propagation  experiments,  related  to  the  earth  space 
communications  ty  means  of  geostationary  satellites,  at  frequencies  exceeding  the  30  GHz  value,  as  lower 
limit  of  the  mu-wave  region. 

The  Selenla  Spazio  activity  Is  outlined,  as  study,  development  and  Implementation,  with  reference  to  the 
on  board  payload  and  earth  stations  able  to  carry  out  the  atmosphertc  propagation  experiments  associated 
with  different  satellites,  for  Instance  Olympus  and  Italsat. 

Olympus  system,  at  the  time  being  In  course  of  In-orbit  tests  after  the  launch,  will  have  experiments  at 
20/30  GHz,  Just  below  the  mm-wsve  band, and  Includes  a  12.5  GHz  beacon  which  will  be  used  as  reference  to 
crosscorrelate  the  behaviors  at  different  frequencies,  to  extend  the  measurement  dynamics  of  the 
coherent  receivers  and  as  possible  reference  for  antenna  autotracking. 

The  next  step  will  be  with  Italsat,  the  Italian  satellite  scheduled  for  the  launch  at  the  end  of  90, 
allowing  the  first  mm-wave  propagation  experiment  for  space  communications  at  40/50  GHz,  across  the 
outmost  of  the  european  zone;  also  In  this  case  a  third  beacon  at  lower  frequency  (20  GHz)  Is  foreseen 
as  multipurpose  reference. 

Selenla  Spazio,  prime  contractor  of  Italsat  satellite,  Is  Involved  In  the  design  and  development  of  tho 
earth  stations,  which  will  be  used  to  carry  out  the  experiments  over  the  Italian  territory.  Due  to  the 
performance  margins  and  operating  flexibility  of  these  stations,  their  Installation  site  can  be  situated 
over  the  european  coverage  zone  as  well. 

The  functional  configuration  of  the  earth  stations  Is  presented  and  the  related  propagation  experiments 
are  described  In  terms  of  performances  and  from  an  operational  point  of  view.  Copolar/crosspolar  charac¬ 
teristics  and  scintillation  phenomena  are  Included. 

The  triple  frequency  configuration  (20/40/50  GHz)  and  the  usb  of  radiometric  and  meteorological  sensors, 
associated  with  the  earth  station,  will  give  the  opportunity  to  crosscorrelate  the  experiments  results 
and  to  extend  their  dynamics  capabilities. 

Suitable  cal Ibrat Ion  procedures  and  error  corrections  about  the  acquired  data,  to  be  recorded  and 
processed,  Improve  the  measurements  accuracy. 

The  propagation  experiments  results  at  40/50  GHz  will  have  Interest  both  In  the  civilian  and  military 
fields,  for  Instance  for  secure  communications  and  countermeasures. 

The  use  of  higher  frequency  values,  until  and  beyond  100  GHz,  Is  envisaged  In  other  study  activities  for 
atmospheric  propagation  experiments,  roferred  to  other  satellites,  for  Instance  SAT2,  and  other  sta¬ 
tions,  which  could  be  derived  from  the  Italsat  ones,  with  similar  architecture:  In  this  case  the  triple 
frequency  configuration  at  45/90/135  GHz  Is  considered, 

The  mra-wave  propagation  experiments  results  can  provide  suitable  guidelines  for  link  design  optimization 
and  to  Identify  the  opportunity  of  using  frequeney/polarlzitlon/slte  diversity  configurations  In  the 
different  communication  scenarios. 


2  THE  30  GHZ  UNIT;  THE  STEP  FRON  OLYMPUS  TO  ITALSAT 

In  the  near  future  advanced  satellites,  such  as  Olympus,  Italsat  and  Acts,  will  be  operating  on  an 
experlmental/preoperitlonal  basis. 

The  high  frequencies  Involved,  together  with  the  sophisticated  technics  employed  by  these  satellite 
communication  systems,  require  reliable  Information  data  on  signal  loss,  depolarization  and  any  other 
signal  Impairment  Introduced  by  the  radlowayes  propagation  through  the  earth's  atmosphere. 

The  Olympus  propagation  experiment  allows  accurate  measurements  of  the  following  characteristics: 

absolute  attenuation  of  vertically  polarized  signals  at  12.5  and  30  GHz,  and  of  vertically  and 
horizontally  polarized  signals  at  20  GHz; 

differential  attenuation  and  phase  between  verticil  and  horizontal  polarizations  at  20  GHz; 
amplitude  and  phase  cross-polarization  discrimination  at  12.5,  20  and  30  GHz. 

Also  the  Instantaneous  or  fast  variations  of  the  signals  tn  be  measured  (scintillation  and  fade  rites) 
will  be  of  Interest  for  many  reasons,  for  instance  automatic  levol  control  definition,  reacquisition 
characteristics  and  performance  evaluation  of  vu  >us  types  of  tracking  systems  employed  In  the  ground 
stations  antennas. 


This  paper  has  been  presented  at  the  AGARO  In  May  1989 
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These  basic  data  gatharad  at  dl , .erent  sltas  for  long  time  periods,  together  with  radloaieter  clear  sky 
temperature  and  meteorologlc  measurements,  will  ba  a  unique  source  of  information  for  a  batter 
understanding  of  the  behavior  of  electromagnetic  waves  at  12.5,20  and  30  GHz  travelling  across  the 
earth's  atmosphere. 

Propagation  data  gathered  from  previous  experiments  have  shown  that,  in  order  to  obtain  statistically 
meaningful  results,  at  least  Vive  years  of  measurements  and  data  analysis  are  required. 

It  is  also  expected  that  several  20/30  GHz  communication  systems  will  be  operative  before  the  end  of 
this  century,  even  considering  that  the  realization  and  launching  of  a  new  satellite  needs  six  years  of 
time  or  something  like  this. 

On  the  basis  of  these  considerations,  one  can  think  that,  while  on  the  one  hand  the  Olympus  propagation 
experiment  might  have  little  time  margins  compared  to  the  scheduling  of  the  above  mentioned  next 
generation  20/30  GHz  systems,  on  the  other  hand  it  is  time  to  start  experimenting  with  frequencies 
higher  than  those  generated  by  the  Olympus  propagation  payload. 

For  the  reasons  the  Italian  National  Space  Plan  comprised,  since  the  early  eighties,  a  European  coverage 
propagation  payload  at  40/50  GHz  with  a  third  reference  beacon  at  20  GHz,  to  be  embarked  on  board  the 
Italsat  satellite,  scheduled  to  be  launched  within  the  next  year. 

The  measurements  which  can  be  performed  at  20,40  and  50  GHz,  using  the  Italsat  propagation  payload,  are 
similar  to  those  outlined  above  for  Olympus  at  12.5,  20  and  30  GHz;  in  the  case  of  Italsat  the  beacon 
switched  In  polarization  between  vertical  and  horizontal  is  that  at  50  GHz  (for  Olympus  is  that  at  20 
GHz ) 

Moreover  the  beacon  at  40  GHz  Is  circularly  polarized  and  there  Is  the  possibility  to  measure  amplitude 
and  phase  distortions  suffered  by  this  signal  over  a  frequency  band  of  1  GHz. 

3  PROPAGATION  ACTIVITIES  IN  SELENIA  SPAZIO 

In  the  frame  of  propagation  activities  for  satellite  communications,  Selenla  Spazio  is  involved  in  the 
design  and  Implementation  of  on  board  payload  equipment  and  related  ground  stations,  for  different 
frequency  bands  above  20  GHz,  corresponding  to  various  programs. 

The  main  activities  ere  referred  to  the  Olympus  and  Italsat  geostationary  satellites,  positioned  in 
longitude  at  19*U  end  13’E  respectively,  each  on*  transmitting  three  beacon  signals  BO,  Bl,  B2  (see 
table  3.1)  coherent  In  frequency,  being  originated  by  a  common  master  oscillator. 


TABLE  3.1 

BEACON  FREQUENCIES  OF  OLVMPUS,  ITALSAT  AND  SAT2  SYSTEMS 


BEACON  »0 

BEACON  11 

BEACON  62 

OLYMPUS 

12.502  GHZ 

19.770  GHz 

* 

29.656  GHz 

ITALSAT 

18.685  GHz 

39.592  GHz 

49.490  GHz 

,V 

SAT  2 

44.58  GHz 

89.16  GHz 

133.74  GHz 

*  INDICATES  THE  BEACON  SWITCHED  IN  POLARIZATION 


Selenla  Spazio  Is  carrying  out  the  developmnnt/lmplementatlon  of  Olympus  and  Italsat  propagation  earth 
stations,  which  will  be  used  by  the  national  group  of  Italian  Experimenters  (CSELT,  CSTS,  HUB,  ISPT, 
SIP,  TELESPAZIO). 

Three  types  of  propagation  station  are  Involved:  first  one  is  the  main  station  for  Olympus,  able  tu 
receive  all  tha  three  relative  beacons  and  detect  copolar  and  x-polar  signals,  as  in  phase  and 
quadrature  components  (the  antenna  aperture  diameter  is  3.5  m);  second  type  is  the  main  station  for 
Italsat,  similar  to  that  of  Olympus  from  a  functional  point  of  view,  but  of  course  at  different 
frequencies:  third  type  Is  a  small  station  for  Olympus,  with  antenna  aperture  diameter  of  1.5  m,  able  to 
receive  and  detect  only  the  Bl  beacon  at  about  20  GHz,  as  copolar  amplitude  for  a  single  polarization 
plane. 

Moreover  the  small  station  Is  capable  also  to  be  pointed  (as  antenna  boresight)  toward  italsat  satellite 
and  to  be  tuned  on  its  first  beacon  BO  at  about  19  GHz,  as  passible  operative  reconfiguration. 

A  first  contract,  already  awarded  to  Selanla  Spazio  since  the  middle  of  'SB,  is  funded  by  the  National 
Council  of  Researches  and  the  new  Italian  Space  Agency,  and  has  as  object  the  development  and 
realization  of  two  main  stations,  one  for  Olympus  and  the  other  for  Italsat,  to  be  Installed  near  Milan. 

A  second  contract,  since  the  middle  of  '89,  Is  funded  by  the  National  Agency  for  Telephone  services 
(ASST),  and  has  as  object  the  provision  of  four  main  stations,  two  for  Olympus  and  two  for  Italsat,  to 
be  Installed  In  Rome  end  Turin  (as  pair  Olympus  +  Italsat). 

This  second  contract  Includas  also  the  realization  of  25  small  stations,  two  radiometers  at  13  GHz, 
three  radiometers  In  dual  band  20/30  GHz  (one  of  which  transportable)  and  meteorological  sensors. 
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The  25  smII  stations  Mill  be  located  all  over  the  Italian  territory,  to  Investigate  the  propagation 
behavior  In  each  region  and  the  possible  space  diversity  characteristics. 

As  extension,  a  20/30  GHz  communication  experlaent  In  space  diversity  will  be  performed,  through  Olympus 
satellite,  by  Means  of  one  station  In  larlo  and  two  stations  In  Rom,  being  these  stations  derived  from 
those  dedicated  to  communication  service  or  test  (fixed  or  transportable  type). 

3y  using  the  Min  propagation  stations,  auxiliary  or  smII  stations,  radloMters  and  neteorolnglcal 
sensors,  there  will  be  the  possibility  to  collect  propagation  data  at  different  frequencies,  different 
polarizations,  different  site  locations  and  to  properly  correlate  the  propagation  data  with  the 
associated  radloaetrlc  and  meteo  data,  in  order  to  get  a  complete  experlaent  data  base  for  the 
subsequent  statistical  analysis  and  processing. 

Another  preparatory  InvolveMnt  of  Selenla  Spazlo  Is  the  design  configuration  study  for  higher  frequency 
propagation,  up  to  100  GHz  and  beyond,  for  instance  with  reference  to  the  SAT2  satellite,  using  three 
beacons  at  about  45 ,  90  and  135  GHz  (see  table  3.1). 

4  CHARACTERIZATION  Of  THE  ITAISAT  PROPAGATION  PAYLOAD  (20/40/50  GHz 

The  propagation  payload  configuration,  of  Italsat  satellite,  Is  shown  in  Fig.  4.1;  It  Is  constituted  by 
three  transaltters,  each  with  Its  own  antenna,  operating  at  20  GHz,  40  GHz  and  SO  GHz  respectively 
(redundancy  details  are  not  shown). 

The  20  GHz  beacon  antenna  Is  shared  with  the  global  coverage  20/30  GHz  payload. 

The  three  beacon  frequencies  are  coherent  each  other,  being  derived  by  multiplication  from  a  common 
■aster  crystal  oscillator. 

The  Italsat  propagation  payload  shown  In  Fig.  4.1  has  a  configuration  derived  froai  the  SIRIO  experiments 
results. 

As  far  SIRIO  (12/16  GHz)  is  concerned,  In  fact  beacon  signals  are  generated  on  the  ground  station  so 
that  som  control  of  the  modulation  and  transmission  paraMters  could  be  useful  for  MasuraMnt  algo¬ 
rithm  tuning  during  the  experlMnt  phase. 

The  subsequent  experiments  foreseen  with  Olympus  (12/20/30  GHz)  and  Italsat  (20/40/50  GHz)  are  designed 
fo*  satellite  generated  beacons  derived  from  a  single  coemnn  oscillator. 

In  particular  the  Italsat  propagation  payload  Includes  both  the  polarization  switch  at  50  GHz  and  the 
modulation  of  the  40  GHz  circularly  polarized  beacon,  to  carry  out  amplitude,  phase,  and  polarization 
measurements. 

The  characteristics  of  Italsat  beacons  are  provided  In  table  4.1. 


GLOBAL  COVERAGE  P/L 


FIG.  4.1  -  BLOCK  DIAGRAM  OF  THE  ITALSAT  PROPAGATION  PAYLOAD 


TABLE  4.1 

CHARACTERISTICS  OF  ITALSAT  BEACONS 


BEACON 

FREQ.  (GHz) 

MUUUZAT10H 

EIRP  (dBH) 

M00ULATI0H 

FREQUENCY  STABILITY 

Bo 

IB. 665 

V 

20 

Phase  modulation  H-1RAD 

TLH  subcarrier  at  65.535  KHz 

+  0.3  PPH  on  24  hrs 
+  4  ppm  on  5  years 

B1 

39.592 

Circular  (RHCP) 

27.8 

Phase  modulation,  H-1RAD 
fm  •  505  MHz 

B2 

49.490 

V/H  switched  at 
933  Hz 

25 

12-4 


The  V  (vertical)  polarization  plane  is  received  on  ground  tilted  by  20*  eastward  with  respect  to  the 
meridian  plane  passing  through  Rowe. 

The  H  (horizontal)  polarization  plane  is  orthogonal  to  the  V  plane. 

B2  beacon  at  50  GHz  has  a  polarization  plane  switching  continuously  between  V  and  H,  at  a  rate  of  933 
Hz. 

The  Bo  beacon  (20  GHz)  on  ground  coverage  Is  corresponding  to  the  Italian  territory  global  coverage. 

The  40/50  GHz  propagation  experiment  has  an  european  coverage  as  depicted  in  Fig.  4.2,  with  half-power 
beaawidth  of  3  degrees  and  foresight  intersection  in  the  point  47*  N  of  latitude/10*E  of  longitude, 
being  the  satellite  positioned  at  13*E  of  longitude  along  the  geostationary  orbit. 

Fhase  jitter  for  each  beacon  is  United  within  0.15  radians  RHS,  when  Measured  by  a  PLL  receiver  with  50 
hz  bandwidth.  The  polarization  isolation  is  better  than  30  dB  through  the  service  coverage. 

The  Bo  beacon  at  20  GHz  will  be  operated  continuously.  B1  and  B2  beacons,  at  40  and  50  GHz,  will  be 
operated  continuously,  excluding  the  eclipse  periods. 

Bo  beacon  provides  the  tracking  reference  for  TTJC  and  communication  earth  stations,  besides  to  be  used 
for  propagation  measurements. 
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5  ITALSAT  PROPAGATION  EARTH  STATIONS 
5.1  Technical  Description 

The  Italsat  propagation  experiment  earth  station  have  a  very  similar  architecture  of  the  Olympus 
propagation  station.  ’  p 

The  Main  station  for  the  Italsat  is  composed  of  six  different  subsystems: 

Antenna  and  tracking 
RF  Front  End 
Conversion  Chains 
Measurement  and  control 
Data  Acquisition 
Station  Auxiliary  Equipment 


In  the  first  subsystem,  the  antenna  feed  is  divided  in  the  dual  band  feed  at  40/50  GHz  and  the  20  GHz 
feed  with  awnopul se. 

The  earth  station  simplified  layout  of  Fig.  5.1  evidenttates  the  housing  of  the  different  equipment, 
distributed  in  three  sections,  na*ul;;  the  antenna  base,  the  shelter  and  the  equipment  room 
First  ’oration  (outdoor)  houses  the  antenna  with  its  structure  and  angular  pointing  mechanical  devices, 
all  HF  parts  with  associated  analog  circuits,  Including  also  the  A/D  conversion  and  digital  detection 
circuits.  The  equipment  room  houses  the  Data  Acquisition  S/S  with  its  computer  and  associated 
peripherals.  The  antenna  control  unit  and  motors  power  unit  are  located  into  the  shelter. 


riQ.  VI  MAIN  HM'AUATIUM  STATION  SUMMIT  UttVT 


As  shown  in  the  general  block  diagram  of  Fig.  5.2,  the  antenna  feed  provides  copolar  and  crosspolar 
signals,  for  the  three  beacons,  to  the  three  corresponding  receiving  channels;  another  dual  output  Is 
that  of  Delta-AZ  and  delta-EL,  at  the  same  frequency  of  the  So  beacon. 


Each  dual  chain  receiving  channel  Is  equipped  with  RF  and  IF  switching  network,  multiplexing  on  each  of 
the  two  chains  both  copolar  and  x-polar  signals,  while  avoiding  any  loss  on  the  C/No  ratio;  In  this  way 
we  can  minimize  the  effect  of  the  possible  chains  mismatching  on  the  XPO  measurement  accuracy.  The 
Intrinsic  redundancy  of  the  dual  chains  can  be  exploited  for  possible  reconfigurations. 
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FIG.  'j,2  -  FUNCTIONAL  BLOCK  DiAGRAH  OF  ITALSAT  PROPAGATION  STATION 


The  40  GHz  chain,  for  B1  beacon  In  circular  polarization  end  with  +  505  MHz  sldetones  modulation,  Is  a 
single  chain,  for  sake  of  simplicity  end  cost  reduction:  copolar  m3  xpolar  signals  are  tine  multiplexed 
Into  the  see*  RX  chain,  without  any  mtsaetchlng  but  accepting  the  corresponding  multiplexing  loss. 

The  beacon  receivers  can  bo  Tockmd  to  any  one  of  tho  three  beacons,  by  means  of  a  suitable  switch  on  the 
copolar  signals,  due  to  the  coherent  configuration  of  the  local  oscillators  and  conversion  chains. 
Antenna  (s  of  the  offset  caismgreln  type,  with  aperture  dlaamter  of  3.5  n  and  multiband  feed,  Including 
the  monopulse  sensor  at  20  GHz  for  autotracking  (see  Fig.  5.3).  The  multibend  feed  Is  coayosed  of  a 
central  horn  at  40/50  GHz  and  an  array  of  porlphoral  horns  at  20  GHz,  which  art  used  for  the  Bo  beecon 
receive  end  for  the  20  GHz  monopul sa  sensor. 

The  feed  network  provides  copolar  and  x-polar  outputs  for  tich  baacon  and' Includes  rotating  polarizars, 
to  meat  tha  needs  of  polarization  alignment,  depending  on  the  stte  location.  A  calibration  horn  at  50 
GHz,  with  high  polarization  purity,  Is  provided,  In  order  to  measure  In  clear  sky  and  componsate  th« 
x-polarlzatlon  residual,  Induced  by  tha  satellite  antenna  or  other  affects. 

After  tha  LNA  amplification,  each  baacon  signal  Is  down  converted,  In  a  multiple  conversion  chain,  to  25 
KHz. 
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The  conversion  chain  architecture)  represented  In  Fig.  5.4  for  the  beacons  at  20  and  40  GHz,  and  In  Ftg. 
5.5  for  the  beacon  at  50  GHz,  permits  to  minimize  the  Inherent  receiver  phase  jitter  so  allowing  very 
accurate  phase  and  amplitude  measurements. 

The  choice  of  a  so  small  value  (25  KHz)  for  the  last  IF  frequency  Is  determined  by  two  main  reasons: 

simplicity  of  Implementation  of  a  small  predetection  bandwidth,  proportioned  with  the  PLL  noise 
bandwidth  2  BL  of  about  100  Hz; 

to  limit  the  sampling  frequency,  of  the  last  IF  signals,  at  100  KHz,  In  the  A/D  converters  of  the 
Measurement  and  control  S/S  (SMC). 

Last  IF  signal  at  25  KHz  1$  sent  to  the  SMC  S/S,  which  provides  the  A/D  conversion,  the  digital  coherent 
detection  (In  phase  and  In  quadrature  components)  and  post-detection  digital  filtering  of  the 
propagation  data. 

An  antisideband  capability  is  foreseen  against  possible  false  locks  on  the  stdetones  at  933  Hz  far  from 
the  carrier  for  the  50  GHz  beacon  (B2)  switched  In  polarization,  and  at  65.6  KHz  far  from  the  carrier 
for  the  20  GHz  beacon  (Bo)  modulated  by  the  TIM  subcarrier. 

The  data  processed  by  SMC  S/S,  together  with  radiometric  and  meteo-sensors  outputs,  are  provided  to  the 
Data  Acquisition  S/S,  which  performs  the  data  recording,  errors  correction  and  preparation  for  the 
successive  statistical  analysis. 


ria.  5.3  -  ANTENNA  l  TKACKING  S/S  (ITALSAT) 


nu,  1,4 


no.  s.fr 


M  >  (Ml 


N.  epe.lt  «  *  Hr*  r.iM  lfWM 


5.2  PEATORMAMCES  CHARACTERISTICS 

Table  5.1  reports  a  summary  of  performances  characteristics  relevant  to  the  Italsat  propagation  station, 
which  are  depending  on  the  beacon  frequency. 

The  antenna  parameters,  In  terms  of  gain  and  HPBtf,  are  relevant  to  a  circular  aperture  diameter  of  3.5 
■•The  overall  RX  noise  figure  Includes  the  Insertion  loss  of  the  RF  switching  network  proceeding  the 
LNA.  The  system  S/T  and  C/Mo  values  art  referred  to  an  antenna  noise  temperature  of  290*K,  as  In  bad 
weather,  so  that  the  corresponding  fade  margin  values  are  completely  available,  as  fading  attenuation 
dynamic  range,  measurable  on  the  same  beacon  used  for  lock  reference  (see  link  budget  In  Table  5.2). 

In  the  coherent  receiver,  a  PLL  noise  bandwidth,  double  sided,  of  100  Hz  is  used. 

Other  station  characteristics,  common  to  the  thrae  beacons,  are  resumed  in  table  5.3;  in  particular  tha 
antenna  available  steering  ranges,  for  the  polarization  alignment,  Az  and  El  pointing,  allow  a  station 
site  location  not  only  anywhere  In  Italy,  but  also  In  the  outmost  of  Europe. 

Moreover  the  antenna  It  equipped  with  a  heating  device,  able  to  avoid  the  deposit  of  water  or  the 
cumulation  nf  ice  or  snow  on  the  reflecting  surfaces,  up  to  a  max  snow  falling  rata  of  50  mm/h.  The 
overall  station  power  consumption  Is  10.9  KW  without  deice  and  20. 3  KW  with  operating  deice. 


TABLE  S.l 

1TALSAT  PROPAGATION  STATION  CHARACTERISTICS  SUMMARY 


BEACON  FREQUENCY  (GHz) 

18.7 

39.6 

49.5 

POLARIZATION 

V 

RHCP 

V/H  SWITCHED 

ANTENNA  GAIN  (dB) 

54.7 

60.9 

61.9 

OVERALL  RX  NOISE  FIGURE  (dB) 

5.1 

5.8 

8.5 

ANTENNA  HPBW  (DEG.) 

0.30 

0.14 

0.11 

ANTENNA  TRACK.  ERROR 

AT  1  o  (X  OF  HPBW) 

4.3 

9.3 

11.8 

SYSTEM  G/T  (dB  *K) 

25 

30.4 

28.6 

NOMINAL  AVAIL.  C/NO  (dB  Hz) 

60.2 

60.6 

58.1 

SYSTEM  FADE  MARGIN 

FOR  PLL  BW  -  100  Hz  (dB) 

32.9 

33.0 

30.1 

TABLE  5«2 

ITALSAT  PROPAGATION  LINK  BUDGET  IN  TRACKING 


BEACON 

BO 

B1 

B2  (+) 

82  (++)  UNIT 

1. 

FREQUENCY 

18.68 

39.6 

49.49 

49.49 

GHz 

2. 

EIRP  (SAT.) 

20.0 

27.8 

25.0 

25.0 

dBW 

4. 

SPACE  LOSS 

209.6 

216.0 

217.9 

217.9 

dB 

4. 

ATTENUATION  OF  ATMOSPHERE 

0.9 

1.2 

3.2 

3.2 

dB 

5. 

POINTING  LOSS 

0.0 

0.1 

0.2 

0.2 

dB 

6. 

G/T  (STATION) 

25.0 

30.4 

26.6 

28.6 

dB/  K 

7. 

BOLTZMANN  CONSTANT 

-228.6 

-228.6 

-228.6 

-228.6 

dB/Hz  K 

8. 

SNITCHING  ANO  MOGUL.  LOSS 

3.0 

9.0 

3.0 

NA 

dB 

9. 

C/NO  AVAIL. 

60.2 

60.6 

58.1 

61. 1 

dBHz 

10. 

PLL  NOISE  BANDWIDTH 

20.0 

20.0 

20.0 

20.0 

dBHz 

11. 

PLL  THRESHOLD 

7.0 

7.0 

7,0 

7.0 

dB 

12. 

DEGRADAT.  DUE  TO  PHASE  NOISE 

0.3 

0.6 

1.0 

1.0 

dB 

13. 

MARGIN  (FADE) 

32.9 

33.0 

30.1 

33.1 

dB 

NOTES* 

{+)  BEACON  SWITCHED  (N  POLARIZATION  AT  933  Hz 
(++)  BEACON  WITHOUT  POLARIZATION  SWITCHING 
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TABLE  S.3 

OTHER  MAIN  STATION  CHARACTERISTICS  (ITALSAT) 


BEACON  SELECTION  FOR  PLL  REFERENCE 
ANTISIDEBANO  CAPABILITY 

HIGH  AMPLITUDE  AND  PHASE  ACCURACY/STABILITY,  THROUGh  TIGHT 
THERMAL  CONDITIONING,  AND  COMPENSATION/CALIBRATION  DEVICES 

RX  CHAINS  AMPLITUDE  NONLINEARITY  OVER  A  DYNAMICS  OF  +10/-50dB  <  0.1  dB 

ANTENNA  XPD  >  30  dB 

POLARIZATION  ALIGNMENT  RANGE  ±  20* 

ANTENNA  AUTOTRACKING 

ANTENNA  STEERING  IN  AZ  +  90* 

ANTENNA  STEERING  IN  EL  If  60* 

LOCK-IN  THRESHOLD.  AS  C/N  IN  PLL 

BW  -  100  Hz  <  7  dB 

THRESHOLD  DEGRADATION  DUE  TO  PHASE  NOISE  <  1  dB 

MINIMIZATION  OF  ACQUISITION/P.EACQUIS.  TIME 

TAPE  UNIT  MEMORY  CAPACITY  40  MBYTES 

TOTAL  TAPE  DUTY  CYCLE  6  DAYS 

OVERALL  STATION  MASS  4.9  TONS 

OVERALL  STATION  POWER  CONS.  10.9/20.9  KW 


C.3  OPERATING  MOOES 

Italsat  propagation  station  has  five  operating  modes,  as  Indicated  In  the  flow  diagram  of  Fig.  S.6. 

In  stand-by,  alarm  and  calibration  modes,  the  acquisition  of  data  can  be  operating,  but  the  acquired 
data  are  not  considered  valid,  as  far  the  propagation  experiment  Is  concerned. 

In  stand-by  moda,  the  station  Is  on,  accepting  manual  commands  for  the  determination  of  Its 
configuration,  to  be  used  In  data  acquisition  modes  or  In  calibration  nude, 

For  the  data  acquisition  modes  It  Is  possible  to  set  the  selection  of  the  lock  on  beacon  Bo,  or  beacon 
Bl,  or  beacon  B2,  the  RE  and  IF  switch  matrices  operating  conditions,  the  redundancy  configuration,  the 
antenna  pointing  In  stand-by  and  so  on. 

Data  acquisition  modes  are  divided  In  normal  mode,  with  all  channel s/chal ns  normally  operating,  and  back 
up  mode  (following  a  failure  of  the  satellite  or  station),  which  In  turn  can  be  subdivided  In  partial 
data  acquisition  or  degraded  data  acquisition  oi  ration,  with  different  station  configurations, 
depending  on  the  type  of  failure  and  consequent  recn  ry  action. 

Alarm  mode  arises  whenever  there  Is  a  satellite  baacon(s)  failure,  or  very  deep  fade,  or  station 
failure;  It  includes  also  the  transient  phases  related  to  the  beacon  frequency  and  antenna  tracking 
acquisition, 

Depending  on  the  type  of  alarm,  the  station  ran  return  to  the  data  acquisition  modes  either  in  automatic 
way  (at  the  end  of  alarm  condition,  or  by  possible  reconfigurations),  or  manually  through  the  stand-by 
mode. 

Calibration  mode  is  constituted  by  two  off-line  operations:  antenna  calibration  and  RX  chains 
calibration,  performed  in  general  by  means  of  manual  commands. 

Antenna  calibration  is  performed  In  condition  of  clear  sky,  about  every  month  (following  the 
experimenter  choice),  with  the  duration  of  one  day;  during  the  antenna  calibration,  it  Is  possible  to 
use  a  reference  auxiliary  horn,  for  what  concerns  the  X-polarfzitlon  error.  RX  chains  calibration  can  be 
performed  In  any  weather  condition,  with  a  duration  of  about  1.5  hours,  by  disconnecting  the  antenna  and 
Injecting  the  signal  of  a  built-in  calibrated  satellite  simulator  Into  the  RF  front  End;  the  repetition 
time  of  RX  chains  calibration  is  about  three  days. 

All  parameters  measured  and  recorded  during  the  calibration  moda  are  properly  processed,  in  order  to 
prepare  and  provide  the  correction  data,  to  be  used  during  the  acquisition  modes  for  the  on-line  arrors 
correction. 


FIO.  5.6  -  FLOW  DIAGRAM  OF  PROPAGATION  STATION  OPERATIVE  MODES 


6  A  FURTHER  STEP  UP  TO  IOO  GHz  AMO  MOVE 

Pushing  tha  frequency  to  higher  values  than  those  of  Italsat,  I  new  step  Is  envisaged  In  the  SAT2 
project,  In  the  field  of  atmospheric  propagation  experiments  (see  Table  3.1  for  the  related  beacon 
frequencies}. 

The  ealn  characteristics  of  the  on  board  payload  are  the  following: 

three  coherent  beacon  frequencies  at  about  44.5,  89  and  133.5  GHz  (Bo,  B1  and  B2); 

linear  polarization  for  Bo  and  82  beacons;  polarization  switched  between  tha  two  orthogonal  linear 

components  for  beacon  61; 

european  coverage  with  half  power  beaawldth  of  2.8*  and  boreslght  Intersection  In  the  point  47*N  of 
Iat1tude/7,5*E  of  longitude,  being  the  satellite  positioned  at  7.5’E  of  longitude  along  the  geosta¬ 
tionary  arc. 

For  what  concerns  the  receiving  station,  It  can  be  derived  free  the  Ita’sat  one. 

The  Modifications  on  the  Italsat  station  to  adapt  Its  characteristics  for  propagation  at  44.5/B9/133.5 
GHz  consist  Mainly  in  a  new  devolopMent  of  the  antenna,  with  an  aperture  dla^ter  probably  In  the  range 
1  to  1.5  aeters,  the  use  of  suitable  low  noise  devices  for  the  RF  Front  End  and  suitable  frequency 
generation  circuits  for  local  oscillators. 

In  particular  at  44.5  GHz  a  LNA  with  noise  figure  of  5  dS  about  could  be  envisaged,  using  HEHT  devices, 
whereas  at  89  and  133.5  GHz  it  Is  probably  preferable  a  solution  with  direct  Input  nlxer,  followed  by 
LNA  at  lower  frequency. 

Minor  modifications  could  bo  addressed  to  the  analog  receiving  section  at  frequency  lower  than  4  GHz  and 
to  the  dlyttal  section;  for  instance,  a  PLL  double  sided  noise  bandwidth  of  150  Hz  should  be  defined 
Instead  of  the  100  Hz  of  Italsat,  to  cope  with  the  expected  phase  noise  spectrum. 


7  CONCLUSION 

The  propagation  experiments  using  the  Olympus  and  Italsat  payloads  are  the  continuation  of  previous 
programs.  Intended  for  preparing  the  Implementation  of  future  communication  systems  In  new  Extremely 
High  Frequency  8ands. 

These  experiments  appear  to  be  properly  phased  with  the  planning  for  Satellite  Communication  Systems 
both  for  Military  and  Civilian  Applications  which  are  expected  to  cone  in  operations  In  the  next  decade 
and  after. 

The  measurements  wl’l  require  some  few  years  for  reliable  data  gathering  and  will  provide  to  the  System 
Designers  valuible  data  for  link  performance  predictions. 


DISCUSSION 


a.  HAQM 

It  would  bo  potentially  useful  to  correlate  meteorological  satellite  data  on  clouds  with 
the  measured  channel  distortion  in  the  1  GHz  bandwidth  for  the  satellite-to-ground  path. 
If  high  correlations  are  observed,  then  meteorological  satellite  data  can  be  used  to 
predict  distortion  on  satellite  paths  which  are  not  so  well  instrumented  as  the  ones  you 
have  described.  Do  you  plan  to  compare  meteorological  satellite  cloud  data  with  your 
measured  distortion  data? 

AUTHOR ' S  RHPLY 

At  the  moment  this  is  not  considered  (only  local  meteorological  sensors  are  foreseen) . 
The  suggestion  appears,  however,  vary  interesting  and  should  be  considered  for  implemen¬ 
tation.  This  would  be,  however,  contingent  upon  cooperation  among  the  various  partici¬ 
pants  in  the  experiments.  As  an  example,  the  data  gathered  by  the  various  stations 
should  be  available  and  compatible  for  subsequent  common  processing  with  meteorological 
satellite  maps. 

Q.  HAQM 

Can  you  comment  on  how  you  selected  S  years  as  the  duration  of  the  experiment  over  which 
you  will  gather  the  propagation  statistics. 

AUTHOR'S  RHPLY 

The  stringent  continuity  of  service  requirements  for  operational  systems  require  reli¬ 
able  propagation  statistics;  therefore,  multiple  year  experimental  data  are  needed. 
The  5  year  duration  for  these  experiments  is  derived  from  other  investigations  where 
significant  differences  of  propagation  statistics  have  been  observed  each  year. 
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SUMMARY 

A  summary  of  the  recent  Improvements,  modifications,  and  updates  to  ,he  LOWTRAN  7  atmospheric 
transmittance  and  radiance  computer  program  will  be  given. 

There  have  been  some  significant  changes  to  the  LOWTRAN  model  in  the  latest  version,  LOWTRAN  7,L2  that 
affect  the  manner  In  which  the  basic  x  nospheric  transmittance  and  radiance  calculations  are  performed  as  well  as 
providing  the  user  with  greeter  flexibly  and  more  capabilities.  The  LOWTRAN  7  code  now  calculates  atmospheric 
transmittance,  atmospheric  background  radiance,  single-scattered  and  earth-reflected  solar  and  lunar  radiance,  direct 
solar  Irradiance,  and  multiple-scattered  solar  and  thermal  radiance.  The  spectral  range  of  the  code  has  been 
extended  from  0  to  50,000  cm-1  (!.e„  0.2  jum  to  infinity)  at  a  spectral  resolution  of  20  cnr1.  The  program  can  cope  with 
any  observer/target  geometry  and  can  Include  the  eflects  of  molecular,  aerosol,  fog,  rain,  and  cloud  absorption  and 
scattering.  Some  of  the  basic  changes  to  LOWTFIAN  7-in  particular  the  Introduction  of  new  molecular  absorption 
transmission  functions  and  separating  the  transmlttances  due  to  CO2,  N2O,  CO,  CH4  and  O2  (previously  assumed  to 
have  a  combined  effoct)--will  give  rise  to  differences  In  the  transmittance  and  radiance  calculations  (compared  to  those 
obtained  with  LOWTRAN  6)  depending  on  the  observer/target  viewing  geometry  and  spectral  region. 

The  dual  purpose  of  this  paper  Is  to  Indicate  how  the  new  changes  to  LOWTRAN  7  affect  atmospheric 
transmittance  and  background  radiance  calculations  for  specific  applications.  We  will  concentrate  on  both  high- 
altltude,  long-range  and  low-altitude,  moderate-range  scenarios  and  will  show  the  Impact  that  the  recent  changes  to 
LOWTRAN  7  have  made  on  the  short,  medium,  and  long  wavelength  infrared  atmospheric  attenuation  and  background 
radiance,  compared  to  calculations  with 
LOWTRAN  6. 

1.  INTRODUCTION 

Since  Its  conception,  the  LOWTRAN  computer  program  has  been  used  widely  by  workers  In  many  fields  of 
atmosphere-related  science,  first  as  a  tool  for  predicting  atmospheric  transmissions  (LOWTRAN  23,  LOWTRAN  34,  and 
LOWTRAN  3B5)  and  later  for  atmospheric  background  radiance  and  transmittance  calculations  (LOWTRAN  46> 
LOWTRAN  57,  and  LOWTRAN  68)  for  any  given  geometty  from  0.25/ira  to  28.5/wt  (l.e.,  from  350  to  40,000  err1).  The 
latest  version  of  the  computer  code,  LOWTRAN  7,  version  3,b,  was  released  in  February  of  this  year.  With  LOWTRAN 
7,  the  wavelength  range  has  now  been  expanded  to  cover  from  0.2 /an  In  the  ultraviolet  to  the  millimeter  wave  region 
(0-50,000  cm-U'  The  computer  program  was  designed  as  a  simple  and  flexible  band  model  that  will  allow  fast, 
reasonably  accurate,  low-resolution  atmospheric  transmittance  and  radiance  calculations  to  be  made  over  broad 
regions  of  the  spectrum  for  any  required  atmospheric  path  geometry,  LOWTRAN  7  Includes  all  of  the  Important 
physical  mechanisms  (with  the  exception  of  turbulence)  that  affect  atmospheric  propagation  and  radiance.  LOWTRAN 
has  proveu  valuable  for  the  development  and  evaluation  of  many  optical  systems  working  in  ultraviolet,  visible,  and 
Infrared  parts  of  the  spectrum,  and  the  latest  version  of  the  program,  LOWTRAN  7,  now  provides  even  more 
capabilities  to  the  user. 

We  will  briefly  review  the  status  and  capabilities  of  LOWTRAN  7  and  go  on  to  show  the  effects  these  changes 
have  on  atmospheric  transmission  and  radiance  calculations  (compared  to  those  of  LOWTRAN  6)  for  different 
scenarios  In  the  ultraviolet,  visible,  3-5/on,  and  8-14/on  regions. 

2.  FUNDAMENTALS  OF  LOWTRAN  7 

The  LOWTRAN  7  computer  program  allows  the  user  to  calculate  the  atmospheric  transmittance,  atmospheric 
background  thermal  radiance,  single-scattered  and  earth-reflected  solar  and  lunar  radiance,  direct  solar  Irradiance, 
and  multiple-scattered  solar  and  thermal  radiance  at  a  spectral  resolution  of  20  cm*1  In  steps  of  5  cm*1  from  0  to  50,000, 
cm*1;  l.e.,  for  wavelengths  In  excess  of  0.2 /on.  The  total  atmospheric  transmittance  Is  treated  as  the  product  of  the 
Individual  transmlttances  due  to: 

1.  molecular  absorption 

2.  molecular  scattering 

3.  aerosol,  fog,  rain,  and  cloud  extinction  (scattering  and  absorption). 
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The  transmittance  due  to  molecular  absorption  is  further  subdivided  into  more  components  and  is  now 
calculated  as  the  product  of  the  roparate  transmittances  duo  to: 

1.  H2O,  03,  C02.  N2O,  CO,  CH4,  02,  NO,  N02,  NH3l  S02,  HNO3 

2.  H2O  continuu-i  (over  the  entire  spectrum) 

3.  N2  continuum  (in  the  2000-2700  cm-1  region), 

A  selection  of  atmospheric  aerosol  models  is  given  in  LOWTRAN  7;  these  are  divided  into  altitude  regions 
corresponding  to  the  boundary  layer  (0-2  km),  troposphere  (2-10  km),  stratosphere  and  upper  atmosphere  (10-120 
km).  The  boundary  layer  models  include  Rural,  Urban,  Maritime,  tropospheric,  a  Navy  Maritime,  and  a  desert  aerosol. 
Representative  aerosol  models  also  are  included  for  the  troposphere  and  upper  atmospheric  regions.  Two  fog  models 
are  included  together  with  a  selection  of  rain  and  cloud  models.  The  user  also  has  the  option  to  substitute  other 
aerosol  models  or  measured  values. 

The  six  reference  atmospheric  geographical  and  seasonal  models  for  tropical,  midlatitude  summer  and  winter, 
subarctic  summer  and  winter,  and  the  U.S.  Standard  Atmosphere,  which  provided  temperature,  pressure,  and  H2O, 
and  03  concentrations  as  a  function  of  altitude  from  0  to  100  km  in  LOWTRAN  6,  have  now  been  extended  in 
LOWTRAN  7  to  include  density  and  N2O,  CO,  and  CH4  mixing  ratio  variability  with  altitude.910'32  The  remaining  six 
molecular  species  are  each  described  by  a  single  vertical  profile.  When  adding  meteorological  data  to  LOWTRAN  7, 
the  user  is  given  much  greater  flexibility  in  the  choice  of  units  that  will  be  accepted  by  the  program.  Spherical  earth 
geometry  is  assumed,  and  refraction  and  earth  curvature  effects  are  included  in  the  atmospheric  slant  path 
calculations  . 

3.  NEW  FEATURES  IN  LOWTRAN  7 

Some  examples  of  the  important  additions  and  modifications  to  LOWTRAN  will  be  discussed  here.  All  of  the 
previous  capabilities  and  user  options  contained  in  LOWTRAN  6  have  been  retained. 

A  broader  spectral  coverage  (0-50,000  cm-1)  is  now  possible  with  LOWTRAN  7  after  the  extension  of  tho  various 
molecular,  aerosol,  and  hydrometeor  spectral  absorption  and  scattering  models  to  shorter  wavelengths  in  the  UV  and 

higher  wavelengths  in  tho  IR  and  millimeter  wave  regions.  Two  examples  of  this  are  given  in  Figs.  1  and  2.  Figure  1 
shows  the  transmittance  from  10  km  altitude  to  space  (zenith  viewing)  plotted  on  a  logarithmic  wavelength  scale  from 
0.2  pm  to  1000  pm.  It  can  be  seen  from  Fig.  1  that  relatively  high  atmospheric  transmittances  are  possible  at  the  far 
infrared  wavelengths  for  atmospheric  path  geometries  that  lie  above  most  of  the  water  vapor  contained  in  the  earth's 
troposhere.  At  sea  level  the  picture  is  quite  different  and,  as  can  be  seen  in  Fig.  2,  far  infrared  radiation  is  propagated 
only  over  very  short  distances. 

The  20  cm-1  spectral  resolution,  chosen  tor  LOWTRAN  from  its  conception,  was  thought  to  be  practical  for  most 
broad  band  applications  In  the  visible  and  IR.  However,  If  we  look  at  the  corresponding  resolution  in  micromete.s, 

(see  Table  1 )  we  will  see  that  it  corresponds  to  a  progressively  coarser  resolution  as  one  proceeds  further  into  the 
infrared  and  millimeter  wave  region.  Conversoly,  at  the  shorter  wavelengths  the  corresponding  resolution,  AA, 
increases  rapidly,  and  is  probably  adequato  for  most  sensors  at  the  UV  end  of  the  spectrum.  For  example,  at  a 

wavelength  of  0.2  pm  (or  2000  A)  the  corresponding  resolution  of  LOWTRAN  7  is  equivalent  to  0.8  A. 


Table  1 .  Spectral  Resolution  ol  LOWTRAN  7  In  Terms  of  Wavelength  (pm)  Corresponding  to  20  cm"1 
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3.1  H20  CONTINUUM 


The  H20  continuum  in  the  7-14  pm  region  has  been  updated  from  that  used  in  LOWTRAN  6.  The  H20  self- 
broadened  absorption  coefficients  In  this  region  have  been  reduced  by  approximately  20%,  based  on  laboratory 
measurements  of  Burch  et  al.11-12  and  tho  atmospheric  field  measurements  of  Devlr  et  al. 13  With  this  correction  both 
LOWTRAN  7  and  the  Ilne-by-IIno  computer  code  FASCOD2  are  consistent  with  each  other. 

An  example  of  the  improvement  that  the  correction  above  has  made  can  be  seen  from  Fig.  3,  which  shows  the 
calculated  transmittance  for  a  8.6  km  path  at  sea  level  with  LOWTRAN  6  and  LOWTRAN  7  compared  to  a  low- 
'esolutlon  CVF  transmlssometer  measurement  by  Devir  et  al.13  In  the  10  pm  region. 

There  ara  still  some  outstanding  Issues  to  be  resolved  with  the  H2O  continuum.  In  particular,  the  validity  of  the 
temperature  extrapolation  to  low  temperatures  needs  to  be  verified, 

3.2  UV  AND  VISIBLE 

In  extending  the  wavelength  range  of  LOWTRAN  7  to  0.20  pm  in  the  ultraviolet,  O2  absorption  due  to  the 
Herzberg  continuum  and  part  of  the  Schumann-Runge  band  has  been  Included, 14-18  together  with  an  extension  of  the 
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O3  Hartley  band  from  0.25  nm  to  0.2  im.  The  absorption  coefficients  for  the  Hartley  and  Huggins  O3  bands  also  have 
been  updated  using  more  recent,  higher-resolution  data'9-22  including  quadratic  temperature-dependent  terms.  A 
detailed  discussion  of  the  origin  of  the  near  UV  measurements  used  in  LOWTRAN  7  and  their  uncertainties  is  given  in 
a  companion  paper  by  Anderson  et  al.23  in  these  proceedings  and  will  not  be  repeated  here. 

3.3  TRANSMISSION  FUNCTIONS 

One  of  the  major  differences  between  LOWTRAN  7  and  LOWTRAN  6  lies  in  the  transmission  functions.  Both 
computer  codes  assume  a  single  parameter  band  model  to  describe  the  molecular  absorption  component  of  the 
atmospheric  transmittance,  but  the  models  are  quite  different. 

For  LOWTRAN  6®  and  all  previous  versions  of  the  program3-7  the  atmospheric  molecular  constituents  were 
separated  into  6  groups:  (a)  H2O,  (b)  O3,  (c)  the  uniformly  mixed  constituents  CO2,  N2O,  CO,  CH4  and  02,  (d)  H2O 
continuum,  (e)  the  nitrogen  continuum,  and  (f)  UV  and  visible  O3. 

For  the  first  three  groups,  it  was  assumed  that  the  average  transmittance  over  a  20  cm-1  interval  was  given  by  an 
expression  of  the  form, 

?(v)=;(c(vK/f*)  (1) 

where  f  the  transmission  function,  C(v),  the  spectrally  varying  absorption  coefficient,  and  the  parameter,  n,  were 
determined  from  laboratory  transmittance  measurements  for  each  absorption  band  of  the  gases  above  over  the 
infrared  portion  of  the  spectrum  (0.8  -  28.5  urn).  The  parameters  U  and  P  represent  the  quantity  of  absorber  and 
effective  atmospheric  pressure  for  a  unit  path  length.  The  quantity  UPn  is  the  "effective  absorber  amount"  for  the 
atmospheric  path.  The  transmission  functions  for  each  of  the  components  (a),  (b),  and  (c)  above  were  thus  determined 
empirically  and  based  on  averages  of  transmittance  measurements  taken  over  many  absorption  bands. 

In  LOWTRAN  7  a  different  approach  was  takan,  which  was  developed  by  Pierlulssi  and  Maragoudakis.24  For 
this  approach,  a  double  exponential  transmission  function  was  assumed  where  the  average  transmittance  over  a  20  cm-1 
spectral  interval  was  given  by: 


?( v)  =  cxp[-C(  W{PfP.Y[T.  /r)"]‘  (2) 

where  the  parameters  C,  a,  m,  and  n  were  determined  from  line-by-fine  calculations  using  FASCOD225  with  the 
HITRAN8626  molecular  line  parameter  data  base  where  the  results  were  degraded  in  resolution  to  20  cm-1  (full  width 
at  half  maximum).  Average  values  of  a,  m,  and  n  were  determined  for  discrete  spectral  regions  for  each  of  the 
following  molecular  species:  H2O,  C02,  O3,  N2O,  CO,  CH4,  and  O2  as  well  as  the  trace  gases  NO,  NO2,  NH3  and 
SO2.  The  spectral  intervals  for  which  the  new  band  model  constants  were  determined  for  each  of  the  molecules  above 
are  given  in  Table  2. 


Table  2.  Summary  ol  Spectral  Regions  Over  Which  New  Molecular  Absorption  Band  Model  Paramolpfs  Are  Pe)ln6d 


ABSORBER 

— — — — - — - — ■■  — - 

SPECTHAl  RANGE  (cm  ') 

WATER  VAPOR  |H20) 

0-17800 

OZONE  (O3) 

0-200.  515-1275,  1530-2295,  2670-3260,  13000-24200  .  27500*50000 

CARBON  DIOXIDE  ICO*) 

425*1440,  1805*2655.  3070-4065  ,  4530-5380.  5905-7025.  7395*7735.  8030-0335.  9340-9870 

NITROUS  OXIDE  (NjO) 

0-120,  490-775.  885-995,  1065-1385,  1545-2040.  2090-2655.  2705-2B65,  3245-3925,  4260-4470,  4540-4785, 
4910-516$ 

CARBON  MONOXIDE  (CO) 

0-175.  1940-2285,  4010-4370 

METHANE  (CH4) 

1065*1775.  2345*3230,  4110-4690.  5855-8135 

OXYGEN  (02) 

0-265.  7650-8080.  9235-9490.  12850-13220,  14300*14600.  15695-15955 

TRACE  GASES 

NITRJC  OXIDE  (NO) 

1700*2005 

NITROGEN  DIOXIDE  (NCfc) 

580-025,  1515-1695.  2800-2370 

AMMONIA  (NH3) 

0*2 1 50 

SULPHUR  DIOXIDE  (SO2) 

0-185,  400-650,  050-1480,  2415-2500 

Separate  transmission  functions  are  used  lor  each  of  the  molecular  species  In  LOWTRAN  7,  allowing  the  user 
the  option  of  varying  the  relative  mixing  ratios  ol  the  gases,  which  was  not  possible  with  LOWTRAN  6  and  its 
predecessors.  Treating  the  transmittances  ol  each  molecule  separately  should  also  improve  the  accuracy  of 
LOWTRAN  In  overlap  regions  between  strong  absorption  bands  of  different  molecules:  e.g.,  CO2  and  N2O  in  the  4.5 
I mi  region. 

3.4  AEROSOL  MODELS 

The  aerosol,  fog,  rain,  and  cloud  model  absorption  and  scattering  coefficients  in  LOWTRAN  6  were  extended  to 
the  millimeter  wavelength  region.  In  addition,  the  Navy  Maritime  aerosol  model  was  modilied  to  improve  Its  wind 
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speed  dependence  lor  the  large  partide  component.  The  background  stratospheric  model  also  has  been  updated  to 
utilize  more  recent  refractive  index  and  size  distribution  measurements  27 

A  new  desert  aerosol  model  has  been  added,  which  includes  a  wind  speed  dependence. LOWTRAN  7  will 
now  modify  the  aerosol  altitude  profiles  to  account  for  elevated  ground  level  cases.33 

The  five  cloud  models  contained  in  FASCOD225  have  been  added  to  LOWTRAN  7;  these  correspond  to 
cumulus,  stratus,  atto-stratus,  stratocumulus,  and  nimbostratus.  The  altitude  and  droplet  density  profiles  for  these 
models  are  given  in  Fig.  4,  Two  new  cirrus  models  with  more  realistic  wavelength  dependences  and  separaie 
scattering,  absorption,  and  asymmetry  parameters  also  have  been  incorporated  into  LOWTRAN  7  (see  companion 
paper  by  Shettle31). 

3.5  ALTITUDE  PROFILES  OF  MOLECULAR  SPECIES 

LOWTRAN  7  now  incorporates  a  set  o(  model  atmosphere  temperature,  pressure,  and  constituent  profiles 
compatible  with  FASCOD2.25-32  While  the  maximum  altitude  of  these  profiles  has  been  increased  from  100  to  120 
km,  the  default  specifications  for  the  standard  six  cases  is  still  1 00  km.  An  example  of  the  U.S.  Standard  Profiles  is 
shown  in  Fig.  5. 

In  previous  versions  of  LOWTRAN3-8  we  assumed  the  mixing  ratios  of  the  gases  CO2.  N2O,  CO,  CH4  and  O2 
were  assumed  to  be  invariant  with  altitude  (and  to  be  fixed  at  330,  0.23,  0.01. 1.6,  and  2.01  x  105  ppm.  respectively).  In 
general,  the  new  profiles  can  be  significantly  different;  as  can  be  seen  from  Fig.  5. 

The  mixing  ratios  of  the  gases  N2O,  CO,  and  CH4  at  sea  level  used  with  the  1976  U.S.  Standard  Atmosphere 
model  are  new  assumed  to  be  0.32,  0.15,  and  1.7,  respectively.  With  LOWTRAN  7,  the  user  has  the  capability  of  either 
using  the  standard  mixing  ratio  altitude  profiles-9-10-32  or  substituting  different  ones. 

3.6  MULTIPLE  SCATTERING 

The  treatment  of  multiple  scattering  in  LOWTRAN  7  has  been  a  major  addition  to  the  computer  code.  An 
adaptation  of  the  two-stream  approximation  method  has  been  used  for  each  layer  together  with  an  adding  method  for 
combining  subsequent  layers.  A  detailed  description  of  this  is  given  by  Isaacs  el  al.33-34 

In  this  approach  the  adding  method  is  used  at  each  layer  boundary  to  determine  the  combined  transmittance, 
absorbance,  reflectance  and  fluxes  that  include  contributions  from  the  entire  atmosphere  as  well  as  reflected 
components  of  the  thermal  and  scattered  solar  or  lunar  radiance  from  the  earth’s  surface  and/or  a  cloud  boundary. 

This  procedure  is  then  repeated  for  each  model  atmosphere  layer  boundary  from  sea  level  to  space  (even  though  the 
path  line-of-sight  required  for  a  given  calculation  may  be  limited  to  a  few  layers).  Thus,  if  the  multiple  scattering  option 
is  selected,  it  involves  a  large  number  of  calculations  for  every  layer  in  the  atmosphere,  and,  consequently,  it  will  take 
much  longer  for  LOWTRAN  7  to  run. 

For  the  current  version  of  LOWTRAN  7,  the  assumption  of  a  plane  parallel  atmosphere  was  adopted  for  the 
multiple-scattered  contributions.  This  assumption  does  create  some  problems  for  radiance  calculations  where  the 
solar  zenith  angle  exceeds  75°  or  80°.  However,  for  solar  zenith  angles  less  than  75°,  we  have  shown  that  the  plane 
parallel  atmosphere  assumption  used  in  LOWTRAN  7  agrees  with  more  exact  multiple-scattering  codes  to  within  20%. 

Some  examples  of  multiple-  and  single-scattering  calculations  are  given  in  Fig.  6  for  a  zenith-viewing  observer 
at  sea  level  with  the  sun  at  10°,  60°,  and  80°  from  the  zenith.  Figure  6  shows  the  dependence  of  backgraund  radiance 
on  solar  zenith  angle  in  the  1  to  5  region  for  an  upward-looking  observer  at  sea  level.  Also  shown  in  the  figure  is 
the  thermal  radiance  component  (which  is  bounded  by  the  21 8K  blackbody  function,  the  temperature  of  which 
corresponds  to  that  of  the  first  layer  of  the  Midlatitude  Summer  Atmosphere  in  which  the  observer  is  located).  The  solid 
curves  to  the  left  of  the  figure  show  the  single-scattered  solar  radiance  and  the  dashed  curves  above  them  indicate  the 
multiply  scattered  component  for  each  of  the  solar  elevation  angles.  It  can  be  seen  that  the  multiple-scattering 
component  starts  becoming  important  only  at  the  larger  solar  zenith  angles  for  this  geometry.  The  influence  of 
changing  the  (visual)  meteorological  range  for  a  single  solar  zenith  angle  of  60°  is  shown  in  Fig  7.  Thus,  the  effect  of 
reducing  the  visual  (meteorological)  range  has  an  effect  similar  to  an  increase  in  the  solar  zenith  angle  (see  Fig.  6). 
Figures  6  and  7  not  only  show  the  relative  importance  of  single  versus  multiple  scattering,  but  also  the  importance  of 
scattered  solar  radiation  compared  to  thermal  radiance  in  the  short-wavelength  infrared  region,  where  the  two 
processes  are  in  competition  (i.e.,  3-4  pvn).  Using  the  single-scattering  option  in  LOWTRAN  7  in  the  LWIR  (long 
wavelength  infrared)  region  tends  to  overestimate  the  thermal  radiance  by  only  a  few  percent  compared  to  the 
multiple-scattering  calculation  for  this  scenario.  Therefore,  for  many  applications,  the  use  of  the  single-scattering 
option  may  be  sufficient. 

Some  problems  encountered  with  the  application  of  multiple  scattering  are  discussed  in  Section  6  below. 

3.7  SOLAR  IRRADIANCE  FUNCTION 

The  extraterrestrial  solar  irradiance  function  has  been  updated  in  LOWTRAN  7  and  is  based  on  more  recent 
compilations  of  measurements  by  Van  Hoosier  et  al.35-36,  Neckel  and  Labs37,  and  Wehtli38  as  well  as  those  of 
Thekeahera.39  The  new  solar  irradiance  function  covers  the  spectral  region  from  0  to  57,470  cm-1  at  a  spectral 
resolution  of  20-100  enr1,  more  nearly  compatible  with  the  molecular  absorption  parameters.  Examples  of  the 
differences  between  LOWTRAN  7  and  LOWTRAN  6  calculations  of  the  solar  irradiance  are  shown  in  Figs.  8(a)  and  (b). 
respectively.  These  figures  show  the  solar  irradiance  at  the  top  of  the  earth's  atmosphere  (upper  curve)  and  the 
attenuated  solar  irradiance  at  sea  level  (lower  curve)  with  the  sun  directly  overhead.  The  LOWTRAN  7  results  (Fig.  8a) 
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reveal  considerably  more  spectral  structure  than  the  earlier  LOWTRAN  6  calculations  below  0.6  pm  (see  Ftg.  80).  In 
addition,  the  LOWTRAN  7  results  are  a  little  higher  and  exhibit  a  more  rounded  peak  irradiance  between  0.5  and  0.7 
pm  than  those  obtained  with  LOWTRAN  6. 

4.  LOWTRAN  6  AND  LOWTRAN  7  COMPARISONS 

Some  examples  are  given,  which  show  the  influence  that  many  of  the  basic  changes  incorporated  into 
LOWTRAN  7  will  have  on  atmospheric  transmittance  and  radiance  calculations  for  specific  scenarios,  compared  to 
calculations  with  LOWTRAN  6  and  FASCOD2  (for  some  cases)  where  the  FASCOD2  line-by-line  calculations  are 
degraded  in  resolution  to  20  cm-1  (full  width  at  half  maximum). 

Figure  9  shows  the  atmospheric  transmittance  for  a  vertical  path  to  space  from  sea  level  in  the  3-5  pm  and  7-1 4  pm 
regions  calculated  with  LOWTRAN  6,  LOWTRAN  7,  and  FASCOD2  (assuming  a  Midlatitude  Summer  Atmosphere  with 
no  aerosol  attenuation). 

For  this  case,  the  three  models  are  in  generally  good  agreement  with  LOWTRAN  6  giving  slightly  higher 
transmittance  values  in  the  3-5  pm  region  and  somewhat  lower  values  in  the  8-12 pm  region  compared  to 
LOWTFtAN  7.  A  closer  examination  of  the  figures  shows  that  there  are  some  spectral  regions  (e.g.,  3.4-3.8  pm)  where 
the  LOWTRAN  6  calculations  are  in  better  agreement  with  FASCOD2  than  with  LOWTRAN  7. 

Similar  results  are  seen  in  Fig.  10,  which  gives  the  atmospheric  transmittance  for  a  10  km  horizontal  path  at  sea 
level  in  the  3-5  pm  and  7-14  pm  regions,  again  assuming  the  Midlatitude  Summer  Atmospheric  model  with  no  aerosol 
present.  One  might  also  note  that  the  LOWTRAN  7  and  FASCOD2  calcuations  on  the  long  wavelength  edge  of  the 
4-3  pm  CO2  band  indicate  a  wider  absorption  region  than  LOWTRAN  6,  whereas  on  the  short  wavelength  edge  of  the 
band  the  FASCOD2  transmittance  does  not  fall  off  as  rapidly  as  the  LOWTRAN  6  or  7  results  (see  Figs.  9  and  10). 

Next,  the  results  of  the  three  transmission  models  are  compared  for  a  high-altitude,  long-range  scenario.  Figure 
1 1  shows  the  transmittance  for  a  500  km  slant  path  from  10.97  km  altitude  to  4.57  km  assuming  the  U.S.  Standard 
Atmosphere.  For  this  scenario  the  atmospheric  path  reaches  a  tangent  height  (lowest  altitude)  of  approximately  2.9 
km.  It  should  be  noted  that  the  scales  on  Figs.  1 1  (a)  and  (b)  are  different  and  that  the  peak  transmittance  value  in  the 
4.7  pm  region  is  an  order  of  magnitude  less  than  the  corresponding  peak  in  the  8-12  pm  region.  In  the  4.7  pm  region, 
the  LOWTFtAN  7  results  lie  between  those  of  FASCOD2  and  LOWTFtAN  6,  with  LOWTRAN  6  overestimating  the  width 
of  the  transmittance  spike.  On  the  short  wavelength  edge  of  the  band,  LOWTRAN  6  overestimates  the  transmittance 
compared  to  LOWTFtAN  7  and  FASCOD2,  which  is  the  reverse  of  what  was  seen  for  the  examples  given  in  Figs.  9  and 
10.  Inthe8-12/wi  region,  the  results  given  in  Fig.  11  are  similar  to  those  of  Figs.  9  and  10,  namely,  that  in  the 
10-12  pm  region  the  LOWTRAN  7  transmittances  are  lower  than  those  calculated  by  FASCOD2  whereas  between  8 
and  8.5  pm  they  are  higher. 

Figure  12  provides  some  insight  as  to  the  dominant  attenuation  mechanisms  in  the  two  wavelength  regions,  for 
the  500  km  path  scenario  discussed  in  Fig.  11.  In  the  7-14  pm  region,  Figs.  12  (c)  and  (d),  it  is  apparent  that  the  H2O 
continuum  and  O3  absorption  dominate  the  transmittance  level.  The  influence  of  H2O,  CO2,  N2O,  and  CH4  line 
absorption,  which  also  controls  the  edges  of  this  window  region,  also  is  shown  in  Fig.  12  together  with  the  aerosol 
extinction  contribution. 

In  the  4-5  pm  region,  the  interaction  of  the  competing  mechanisms,  which  gives  rise  to  the  transmittance  spikes 
shown  in  Fig.  1 1  (a),  is  more  complex,  as  can  be  seen  from  Figs.  1 2(a)  and  (b).  The  width  of  the  absorption  region 
around  4.2  pm  is  controlled  mainly  by  the  nitrogen  continuum  on  the  short  wavelength  edge  and  a  combination  of 
CO2,  N2O,  and  the  nitrogen  continuum  on  the  long  wavelength  edge.  The  role  of  the  H2O  continuum,  H2O,  CO2,  and 
N2O  in  shaping  the  outer  edge  of  the  4.7  and  4  pm  spikes  also  can  be  seen  from  Figs.  12(a)  and  (b). 

5.  PROBLEM  AREAS 


LOWTRAN  7,  as  released  in  February  1989,  is  undergoing  a  continuing  va'idation,  particularly  by  its  expanded 
user  base.  There  is  a  commitment  to  verify  and  correct  problems,  with  full  notification  to  all  known  users.  Because  of 
the  newness  of  the  code,  the  first  set  of  errata  have  not  been  finalized.  Some  potential  problem  areas  include: 

1.  An  opacity  test  which  defines  zero  ttransmittance  as  exp(-20),  i.e.,  optical  depths  greater  than  20, was  used  in 
LOWTRAN  7  which  is  not  recognized  as  valid.  This  has  a  negligible  effect  in  most  spectral  ranges  but  can  lead  to 
discernible  contamination  for  very  large  opacities  in  the  UV  spectral  range.  This  exponential  test  can  be  reset  to  any 
larger  value  compatible  with  the  user's  computer.  Caution  should,  therefore,  be  taken  when  using  the  original  version 
of  LOWTRAN  7  in  the  ultraviolet  solar  blind  region  for  background  radiance  calculations  in  the  lower  atmosphere.  An 
example  of  this  is  shown  in  Fig.  13  for  the  downwelling  radiance  in  the  0.20  -  0.3  pm  region,  calculated  for  an  observer 
at  sea  level  looking  upward  with  the  sun  overhead.  For  this  scenario  the  background  radiance  level  should  be  orders 
of  magnitude  less  than  given  in  Fig.  13 . 

2.  Over  a  portion  of  the  extraterrestrial  solar  irradiance  data  compendium  used  in  LOWTRAN  7  the  number  of 
significant  figures  tabulated  by  Wehril38  reduces  to  two  at  the  longer  wavelengths  (extending  to  the  mid-infrared 
region).  Consequently,  the  solar  irradiance  function  can  exhibit  a  3%  step  discontinuity  in  the  mid-IR  region . 

3.  The  multiple-scattering  algorithm  within  a  single  layer  may  encounter  boundary  definition  incompatibilities;  in 
addition,  the  solar  multiple  scattering  calculations  are  not  correct  for  zenith  angles  larger  than  80°. 
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Corrections  for  the  above  ptoblems  are  currently  available  or  under  development.  Users  are  encouraged  to 
communicate  directly  with  L.W.  Abreu,  AFGL/OPE,  Hanscom  AFB,  Ma  01731  concerning  any  questions  related  to 
LOWTFtAN  7. 

6.  FUTURE  PLANS 

A  higher-resolution  band  model  option  for  LOWTFtAN  7  is  currently  being  tested  and  evaluated.  This  model, 
which  is  called  MOUTRAN,  will  enable  tho  user  to  make  calculations  at  selected  resolutions,  within  certain  constraints, 
up  to  a  maximum  resolution  of  2  cm-1. 

7.  CONCLUSIONS 

Examples  of  the  differences  among  LOWTFtAN  6,  LOWTFtAN  7,  and  FASCOD2  calculations  were  given  for 
some  typical  low-altitude  and  high-altitude  scenarios.  In  general,  LOWTRAN  7  atmospheric  transmittance  calculations 
will  be  more  optimistic  in  the  8-14  nm  region  and  a  little  more  pessimistic  in  the  4-5  nm  region  than  those  of  LOWTRAN 
6.  The  corresponding  LOWTRAN  7  atmospheric  background  radiance  values  will  be  lower  than  those  calculated  with 
LOWTRAN  6  in  the  10  n m  region  (due  to  the  reduced  H2O  continuum  in  that  region.) 

There  were  some  instances  in  which  the  LOWTRAN  6  calcuations  agreed  more  closely  with  those  of  FASCOD2 
than  LOWTRAN  7.  The  reason  for  this  is  probably  due  to  the  smoothing  of  the  FASCOD2  calcuations  in  fitting  results 
to  the  double  exoonential  transmission  functions  used  in  LOWTRAN  7,  but  we  assume  the  FASCOD2  results  to  be 
correct. 

The  interaction  of  the  different  mechanisms  that  shape  the  3-5  pm  and  8-1 2  pm  transmittances  windows  are 
quite  complex  and  depend  very  much  on  the  observerAarget  viewing  geometry.  For  many  long  range  scenarios  at 
high  altitude  where  the  path  geometry  does  extend  to  lower  altitudes  in  the  troposphere,  the  effects  of  the  H2O 
continuum  in  the  8-14  pm  and  both  the  H2O  and  the  N2  continua  in  the  3-5  pm  region  can  still  play  a  dominant  role  in 
shaping  these  window  regions. 
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It  is  difficult  to  make  general  statements  concerning  single  versus  multiple  scattering.  For  upward  viewing 
geometries,  we  find  that,  at  the  longer  wavelengths  where  the  thermal  emission  dominates,  the  single-scattering 
algorithm  gives  slightly  higher  radiance  values  than  the  multiple-scattering  algorithm,  but  for  many  applications  the 
differences  are  small.  At  wavelengths  below  4  pm  where  solar  scattering  is  greater  than  the  thermal  emission,  the 
multiple-scattering  component  (due  to  scattered  solar  radiation)  is  always  higher  than  that  calculated  by  the  single¬ 
scattering  option.  The  magnitude  of  the  difference  depends  on  the  relative  solar/observer  viewing  geometry.  For 
downward-viewing  scenarios,  the  radiance  due  to  ground  reflections  of  solar  radiation  can  be  dominant  in 
2-4  pm  region. 

Both  the  extension  of  LOWTRAN  7  to  0.2  pm  and  the  inclusion  of  multiple  scattering  will  greatly  enhance  its  use 
in  the  UV  region  of  the  spectrum  for  many  applications.  The  extension  of  LOWTRAN  7  into  the  millimeter  region  of  the 
spectrum  will  enhance  its  application  for  earth/atmospheric  heat  budget  calculations  and  other  LWIR  calculations. 
However,  because  of  the  20  cnr1  resolution,  which  has  been  preserved,  LOWTRAN  7  will  not  provide  a  useful  tool  for 
millimeter  wave  atmospheric  transmittance  calculations;  FASCOD2  can  be  used  over  these  spectral  ranges.  A  higher- 
resolution  version  of  LOWTFtAN  7  (to  2  cm-1)  is  currently  being  evaluated  and  will  permit  users  greater  flexibility. 


Many  more  options  are  currently  available  in  LOWTRAN  7,  which  allow  the  user  to  vary  independently  the 
concentrations  of  the  individual  molecular  gases  and  their  altitude  dependence,  as  well  as  constructing  specific  model 
atmospheres,  with  selected  combinations  of  meteorological  conditions,  aerosols,  clouds,  and  solar  orientations  for  a 
given  target/observer  geometry. 

Work  will  continue  to  validate  LOWTRAN  7  against  field  measurements  made  under  known  atmospheric 
environmental  conditions. 

Comments,  concerns,  and  questions  on  LOWTRAN  7  can  be  addressed  directly  to: 

L.W.  Abreu 

AFGUOPE 

Hanscom  AFB,  MA  01731,  U.S.A. 
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Fig.  1  Atmospheric  Transmittance  (or  a  VitScal  Path  to  space 
trom  10  km  Altitude  lor  the  0.2  pm  lo  1000  |irn  Region 
(Mkflatitade  Summer  Atmosphere,  23  km  Rural  Aerosol), 
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Fig.  2  Atmospheric  Transmittance  lor  Horizontal  Path  Lengths 
varying  from  0.01  to  10  km  at  Sea  Level  (Mldtatltude  Summer 
Atmosphere,  23  km  Rial  Aerosol). 
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Fig.  3  Comparison  of  LOWTRAN  C  and  7  Calculations  with  a  0  6 
km  Aimoapheria  Transmittance  Meauuramsnt  in  the  7-14  pm 
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Fig,  4  Summary  of  Water  Droplet  Cloud  Models  In  LOWTHAN  7 
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Fig.  6  Altitude  Profiles  of  the  Mixing  Ratios  of  some  Important  Atmospheric  Molecular  Species. 
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Fig.  6  Atmospheric  Background  Radiance  for  an  Upward 
viewing  Scenario  from  Sea  Level  showing  the  contributions  Irom 
Single  and  Multiple  Scattering  and  Thermal  E  ml  talon  ter  3  Solar 
Elevations,  (US  Standard  Atmcephere,  23  km  Rural  Aorosol). 
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Fig.  7  Dependence  ol  Atmospheric  Background  Radiance  on 
VleWllty  tor  Single  and  Multiple  Scattering  ter  an  Upward  Viewing 
Scenario  Irom  Sea  Level  (Solar  Zanlth  Angle  -  60°,  US  Slandard 
Atmosphere,  ?3  km  Rural  Anrosol  Modal). 
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Fig.  12  Indhridual  Almoapotrtc  Transmieslon  Components  In  the  4-5  pm  and  7-1 4pm  Regions  for  the  same  path  geometry  given  in  Fig.  1 1. 
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PROPAGATION  ENVIRONMENTS,  EFFECTS.  AND  DECISION  AIDS 

by 
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Atmospheric  Sciences  Laboratory 
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White  Sands  Missile  Range,  New  Mexico  88002-5501 
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SUMMARY 

Reconnaissance,  surveillance,  target  acquisition,  communications,  and  weapon  sys¬ 
tems  are  becoming  more  sophisticated  and  are  becoming  more  dependent  on  the  propagation 
of  electromagnetic  or  acoustic  energy  through  the  atmosphere.  Weather  and  battle 
activity  will  constantly  change  the  atmospheric  conditions  and  hence  the  propagation 
environments  when  the  systems  are  employed.  The  effects  of  these  changing  propagation 
environments  must  be  understood  for  optimum  system  design,  assessment  of  system  per¬ 
formance,  development  of  countermeasures,  development  of  tactics  and  doctrine,  and 
development  of  decision  aids.  In  1976  the  U.S.  Army  Atmospheric  Sciences  Laboratory 
(ASL)  began  the  development  of  the  Eluctro-Optlcal  Systems  Atmospheric  Effects  Library 
(EOSAEL)  In  order  to  quantify  some  of  the  battlefield  atmospheric  effects.  EOSAEL  has 
had  several  releases;  and  the  latest,  EOSAEL  87,  contains  26  modules  that  can  be 
separated  into  six  generic  classes:  (1)  gases,  (2)  natural  aerosols,  (3)  battlefield 
aerosols,  (4)  radiative  transfer,  (5)  laser  propagation,  and  (6)  target  acquisition  and 
system  performance.  Combining  Information  on  weather  and  battle  activity  with  an  under¬ 
standing  of  atmospheric  effects  has  allowed  ASL  to  produce  tactical  decision  aids  (TDAs) 
for  many  friendly  and  threat  electro-optical  systems.  This  developmental  software  (s 
scheduled  to  be  fielded  on  the  Integrated  Meteorological  System  (IMETS). 


1.  INTRODUCTION 

Weather  has  always  played  a  decisive  role  In  warfare  and,  combined  with  the  smoke, 
dust,  and  obscurants  Induced  by  battle  activity,  will  continue  to  do  so  on  future  bat¬ 
tlefields.  The  modern  day  battlefield  will  be  filled  with  sophisticated  reconnaissance, 
surveillance,  target  acquisition,  communications,  and  weapon  systems  that  exploit  some 
part  of  the  radiant  energy  spectrum.  The  full  spectrum  of  radiant  energy  spans  some  25 
orders  of  magnitude  from  very  low  frequency  acoustic  energy  at  1  Hz  to  hard  gamma  rays 

at  102S  Hz.  The  human  eye  sees  only  In  the  very  narrow  band  around  5.4  x  lO14  Hz 

(wavelengths  between  0.4  and  0.7  urn).  Electro-optical  (E0)  systems  have  been  built  that 
extend  the  observer's  capability  Into  the  infrared  (IR),  and  even  into  the  millimeter 
wave  (MMW )  region.  Other  EO  systems  enhance  the  capability  of  the  observer  to  see  under 
low  light-level  conditions.  Radars  function  from  the  ultraviolet  region  using  lasers 
(when  lasers  are  used  In  this  mode  they  are  called  Ildars)  to  300  MHz.  Communications 
systems  extend  from  the  visible  region,  primarily  using  lasers,  through  the  audio 

frequency  region  (approximately  10  Hz  to  20  kHz).  Acoustic  sensors  utilize  the  region 

from  1  Hz  to  about  1  kHz.  The  propagation  environment  through  which  the  energy 
associated  with  or  sensed  by  the  various  military  systems  travels  Is  constantly  changing 
and  frequently  Is  the  determining  factor  In  whether  or  not  the  systems  perform 
satl  sfactorl  ly . 

The  propagation  environment  Is  one  of  five  parts  In  the  target  acquisition  and 
smart  weapons  utilization  picture  that  must  be  solved  If  advanced  sensors  and  systems 
are  to  be  utilized  In  the  airland  battle.  The  other  parts  are  backgrounds,  signatures, 
sensors  and  their  platforms,  and  man-machine  Interfaces  and  automated  analyses.  The 
slgnal-to-nolse  (S/N)  ratio  Is  a  major  consideration  In  minimizing  the  false  alarm  or 
false  target  rate.  If  the  backgrounds  and  propagation  environments  were  uniform,  then 
high  S/N  ratios  could  be  routinely  achieved.  Unfortunately  uniform  conditions  rarely 
exist,  and  the  conduct  of  battle  quickly  increases  clutter  and  obscuration. 


2.  SMART  WEAPONS 

Smart  weapons  (or  the  equivalent  term,  precision  guided  munitions)  have  the 
capability  to  search,  detect,  discriminate,  select,  and  precisely  engage  a  wide  variety 
of  ground  and  air  targets.  They  employ  rockets,  missiles,  or  projectiles  that  may  be 
fired  from  a  variety  of  launch  platforms  (such  as,  tanks,  armored  combat  vehicles, 
artillery,  and  helicopters)  or  delivered  to  the  target  vicinity  by  an  aerial  vehicle, 
ground  robot,  or  other  means.  They  may  Include  submunitions  that  are  dispersed  from  a 
carrier.  Target  engagement  may  be  by  either  a  guide  to  Intercept  ( hi t- to-ki 1 1 )  concept, 
or  It  may  require  the  munition  to  aim  and  fire  a  warhead  from  a  stand-off  location 
(shoot-to-kl 1 1 ) .  Smart  weapons  may  either  require  operator  assistance  as  with  a  command 
guided  system  or  be  automatically  guided  by  self-contained  subsystems.  There  are 
currently  three  classes  of  smart  weapons:  (1)  guided  munitions,  (2)  smart  munitions, 
and  (3)  brilliant  munitions. 

Guided  munitions  are  characterized  as  ona-on-onc  systems  that  require  an  operator 
In  the'  loop  either  for  target  selection,  as  In  the  case  of  lock-on-before-launch,  or  for 
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assistance  In  guidance.  Each  munition  is  directed  to  a  specific  target  by  the  operator 
or  gunner.  This  procedure  requires  a  line  of  sight  (LOS)  between  the  operator  (or  the 
sensor  being  used  by  the  operator)  and  the  target. 

There  are  four  principal  forms  of  guidance:  (1)  command  guidance,  (2)  beam  rider 
guidance,  (3)  homing  guidance,  and  (4)  Inertial  guidance.  In  command  guidance  the 
target  Is  tracked  and  the  missile  Is  directed  to  Intercept.  Information  and  gul  da  nee 
commands  are  received  and  transmitted  by  the  missile  In  flight  via  a  data  link  (such  as 
wire,  fiber  optics,  radio  frequency,  and  IR).  Examples  Include  TOW  and  DRAGON.  In  beam 
rider  guidance  the  missile  travels  along  an  encoded  beam  that  has  been  directed  a t  the" 
target.  TEe  missile  receives  a  unique  guidance  code,  which  It  decodes  and  uses  to 
maintain  flight  within  the  beam.  In  homl ny  guidance  the  weapon  homes  In  on  a  unique 
signature  of  or  on  the  target.  This  could  be  heat  generated  by  a  tank  engine  or  the 
unique  laser  designation  required  for  COPPERHEAD  or  HELLFIRE.  In  Inertial  guidance 
preprogrammed  Information  onboard  the  carrier  Is  employed.  This  technique  is  more  often 
used  In  long-range  systems;  however,  It  may  be  combined  with  other  terminal  guidance 
techniques  for  Increased  capabilities, 

Smart  munitions.  In  contrast  with  guided  munitions,  have  the  self-contained 
capabTTTty  to  search  for,  detect,  acquire,  and  engage  targets  without  reliance  on  an 
operator  for  specific  target  selection  or  terminal  guidance.  Autonomous  operation  Is 
achieved  by  utilizing  self-contained  sensors  or  seekers  that  receive  electromagnetic 
radiation  emitted  by  targets  and  their  surrounding  environments.  Smart  munitions  are 
delivered  to  the  target  area  by  projectiles,  rockets,  or  missiles,  with  each  carrier 
delivering  from  one  to  a  few  dozen  munitions.  By  combining  their  autonomous  operation 
with  the  means  to  rapidly  deliver  large  quantities  of  munitions,  smart  munition  weapon 
systems  are  most  effective  In  the  many-on-many  situation.  There  are  two  types  of  smart 
munitions:  sensor-fuzed  munitions  and  terminally  guided  munitions.  Sensor-fuzed  muni¬ 

tions  are  designed  for  shoot- to-kl 1 1  operations,  normally  from  a  top-attack  position. 
Once  delivered  to  and  dispersed  over  the  target  area,  an  onboard  sensor  begins  to  search 
for  targets.  Upon  detection,  the  sensor-fuzed  munition  immediately  fuzes  a  lethal 
mechanism,  usually  an  explosively  formed  penetrator,  and  directs  It  at  the  target. 
Terminally-guided  munitions  are  hlt-to-klll  subsystems.  They  employ  an  onboard  auto¬ 
pilot  and  flight  control  devices  to  steer  to  the  target.  An  onboard  warhead,  usually  a 
shaped-charge.  Is  detonated  upon  Impact. 

Brilliant  munitions  are  future  systems  that  will  combine  the  autonomous  operation 
of  a  smart  munition  with  enhanced  navigation  and  target  classification/identification 
capabilities.  Tney  be  may  assigned  a  mission  to  find  and  engage  a  specified  class  or 
type  of  targets. 

A  major  consideration  In  the  design  of  smart  weapons  Is  the  environment  In  which 
they  must  operate.  Target  acquisition  Is  significantly  degraded  by  most  adverse 
environmental  conditions.  Even  In  a  benign  environment,  the  signature  of  the  target  can 
vary  widely,  depending  on  Its  operating  status  and  location.  Other  environmental 
factors  that  degrade  acquisition  Include  countermeasures,  camouflage,  and  decoys 
designed  to  prevent  or  hinder  acquisition  and  other  phenomena  such  as  weather, 
topography,  and  the  clutter  of  battle.1  2 


3.  ENVIRONMENTAL  IMPORTANCE 

Environmental  factors  can  significantly  affect  the  four  basic  tenets  of  airland 
battle  doctr1ne--1 nl tlatlve,  agility,  depth,  and  synchronization.  Initiative  means 
setting  or  changing  the  terms  of  battle  through  action.  Prediction  57  wea ther  and 
environmental  effects  support  this  tenet  by  providing  the  force  commander  with  timely, 
accurate  Information  to  assess  the  Impact  of  environmental  conditions  on  the  battle¬ 
field.  Computer-assisted  tactical  decision  aids  (TDAs)  can  assist  In  describing  these 
Impacts.  Weather  Intelligence  can  Indicate  windows  of  opportunity  within  which  the 
commander  may  seize  the  Initiative  and  take  advantage  of  conditions  that  adversely 
affoct  the  enemy.  Effective  applications  of  environmental  Information  will  enhance  the 
ability  of  the  force  commander  to  bring  the  required  forces  and  firepower  to  bear  at  the 
optimum  time  and  place  on  the  battlefield.  As  111  ty  is  the  ability  to  act  faster  than 
the  enemy.  The  force  commander's  ability  to  create  and  exploit  enemy  vulnerabilities  Is 
enhanced  through  knowledge  of  the  effects  of  anticipated  environmental  conditions. 
Depth  Is  the  extension  of  combat  operations  In  space,  time,  and  resources.  Environ¬ 
mental  effects  analysis  and  accurate  weather  predictions  support  the  commander's 
requirement  to  consider  all  environmental  Implications  of  the  maneuver  space.  Accurate 
prediction  of  environmental  effects  across  the  battlefield  can  assist  the  commander  In 
positioning  his  forces  to  maximize  their  ability  to  conduct  operations  while  minimizing 
their  vulnerabilities.  Conversely,  prediction  of  environmental  conditions  favorable  to 
attack  by  enemy  elements  can  significantly  enhance  preparedness  across  the  battlefield. 
Synchronization  Is  the  process  of  organizing  combat  activities  In  time,  space,  and 
purpose  to  develop  maximum  combat  power  from  available  resources.  Accurate  environ¬ 
mental  Information  enables  the  commander  to  better  evaluate  the  capability  of  available 
forces.  In  deep  operations  It  enablea  the  commander  to  decide  where  to  attack,  how  to 
detect  the  enemy,  and  when  to  deliver  munitions.  Accurate  weather  Information  can  be 
the  key  to  synchronizing  a  variety  of  forces  with  differing  operational  capabilities. 
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The  Importance  of  weather  and  environmental  factors  to  all  commanders  will  Increase 
as  more  sophisticated  weapons  are  Introduced  to  the  battlefield.  For  example,  £0 
systems  such  as  laser,  television  (TV),  and  IR  systems  and  directed  energy  weapons  may 
operate  at  different  wavelengths  and  have  different  sensitivities  to  adverse  weather 
conditions.  Each  system  Is.  therefore,  affected  differently  by  environmental  factors 
such  as  temperature  contrast  of  the  target  aRd  background,  humidity,  dust,  and  smoke. 
The  commander  who  can  best  forecast  future  conditions  and  determine  effects  on  opposing 
forces  will  have  a  decisive  advantage  on  the  battlefield. 3 


4.  EOSAEL  OVERVIEW 

The  Electro-Optical  Systems  Atmospheric  Effects  Library  (EOSAEL)  has  been  developed 
to  quantify  the  propagation  environments  expected  on  future  battlefields.  The  history 
of  EOSAEL  has  been  presented  elsewhere.1*  The  U.S.  Army  Atmospheric  Sciences  Laboratory 
(ASL)  started  the  development  of  EOSAEL  in  1978.  The  latest  version,  EOSAEL  87. 
contains  26  computer  modules  that  can  be  separated  into  6  generic  classes:  (1)  gases, 
(2)  natural  aerosols,  (3)  battlefield  aerosols,  (4)  radiative  transfer,  (5)  laser 
propagation,  and  (6)  target  acquisition  and  system  performance.3  The  26  modules  may  be 
used  under  the  control  of  an  executive  driver  or  in  a  stand-alone  mode.  The  philosophy 
underlying  the  development  of  EOSAEL  has  been  to  Include  modules  that  give  reasonably 
accurate  results  with  the  minimum  In  computer  tine  for  conditions  that  may  be  expected 
on  the  battlefield.  This  philosophy,  along  with  the  evolutionary  nature  of  EOSAEL,  has 
resulted  In  some  redundancy  within  the  library.  While  minor  updates  to  EOSAEL  87  are 
planned,  corrections  for  redundancy,  upgrades  of  various  modules,  and  expansion  of 
wavelengths  to  cover  ultraviolet  and  acoustic  systems  will  be  incorporated  In  the  next 
edition,  EOSAEL  92,  to  be  distributed  In  early  1992. 

Three  modules  for  computing  gaseous  absorption  are  provided  In  EOSAEL  87.  These 
are  LOWTRN,  LZTKAN,  and  NMMW.  LOWTRN  calculates  atmospheric  transmittance,  radiance, 
and  contrast  due  to  specific  molecules  at  20  Inverse  centimeters  spectral  resolution  on 
a  linear  wava  number  scale  In  the  wavelength  region  0.25  to  28.5  pm.6  LZTRAN  calculates 
transmission  through  atmospheric  gases  for  97  laser  lines  In  the  wavelength  region  0.5 
to  11.0  urn  for  slant  or  horizontal  paths.7  NMMW  calculates  transmission,  backscatter, 
and  refractlvity  due  to  gaseous  absorption,  fog,  rain,  and  snow  In  the  wavelength  region 
0.3  to  30.0  mm.* 

For  naturally  occurring  weather  conditions,  EOSAEL  8 7  contains  three  modules  for 
transmission  and  statistical  Information.  These  are  XSCALE,  CL (MAT,  and  CLTRAN.  XSCALE 
determines  the  transmission  In  the  wavelength  region  0.2  to  12.5  urn  through  haze  and  fog 
for  both  monochromatic  and  broadband  wavelengths  over  arbitrary  horizontal  and  slant 
paths  and  through  rain  and  snow  for  horizontal  paths.3  CLIMAT  provides  climatological 
data  In  terms  of  averages  (usually  over  11  years)  and  standard  deviations  or  percentages 
of  occurrence  for  11  meteorological  parameters  (normally  at  a  2-m  altitude)  In  each  of 
22  weathar  classes  defined  by  ooscuratton  type,  visibility,  absolute  humidity,  and  cloud 
celling.  The  data  are  for  different  regions  of  Europe,  the  Mideast,  Korea,  Alaska, 
Scandanavla,  Central  America,  India,  Southeast  Asia,  South  America,  and  Mexico.111 
CLTRAN  calculates  slant  path  transmission  in  the  wavalength  regions  0.2  to  2.0  urn.  3.0 
to  5.0  urn,  and  8.0  to  12.0  urn  through  six  different  types  of  natural  clouds  that  have 
been  divided  into  stratiform  and  cumullform  groups  under  the  assumption  of  horizontal 
homogeneity  and  vertical  variability  in  extinction  coefficient. 11 

EOSAEL  87  Includes  seven  modules  to  address  battlefield-generated  aerosols.  These 
are  COPTER ,  COMBIC,  SA8RE,  KWIK,  GRNAUE ,  F1TTE ,  and  MPLUME.  COPTER  accurately  and 
realistically  describes  the  obscuration  In  the  wavelength  regions  0.4  to  0.7  pm,  3.0  to 
S.O  pm,  8.0  to  12.0  pm,  and  0.3  to  30.0  mm  resulting  from  helicopter  downwash  when  a 
helicopter  Is  operating  naar  a  surface  covered  with  loose  snow  or  dust.12  COMBIC 
calculates  the  size,  path  length,  concentration,  and  transmission  in  the  wavelength 
regions  0.4  to  1.2  pm,  3.0  to  5.0  urn,  8.0  to  12.0  pm,  and  3  mm  for  smoke  clouds  of  white 
phosphorus,  plasticized  white  phosphorus,  hexachloroethane  (HC),  fog  oil,  and  IR 
screeners  and  for  artillery  or  vehl cular-genera tod  dust  clouds.13  SABRE  is  a  variant  of 
COMBIC  and  calculates  the  affects  of  terrain  for  selected  scenarios  on  wlndflow  and 

smoke  clouds.11*  KWIK  computes  the  number  of  Initial  and  sustaining  rounds,  fire  Inter¬ 
val,  and  shell  separations  required  to  produce  a  smoke  screen  of  specified  length  and 
duration  for  eight  Inventory  munitions.15  GRNADE  computes  the  obscuration  produced  in 
the  wavelength  regions  0.4  to  1.2  urn,  3.0  to  5.0  pm,  1.06  pm,  10.6  pm,  and  3  mm  produced 
by  tube-launched  LBA1  smoke  grenades  used  for  sal f-screenl ng  applications.16  FITTE 
calculates  the  LOS  path-ln-tegrated,  particle  concentration;  transmittance  In  the 

wavelength  region  0.4  to  12.0  pm  between  target  and  observer;  and  both  the  attenuated 
thermal  radiance  from  the  target  and  the  path  radiance  at  the  observer  position  for 

fires  and  smoke  plumes  from  burning  vegetation  and  real  or  simulated  vehicle  fires.17 
MPLUME  approximates  the  position  and  characteristics  of  missile  smoke  plumes  and 
calculates  the  degradation  of  designation  systems.16 

EOSAEL  87  contains  nine  radiative  transfer  modules  plus  the  radiative  transfer 
driver  (RTO)  and  an  aerosol  phase  function  data  base  (PFNOAT).  The  modules  are  FCLOUD, 
OVRCST,  HSCAT ,  ASCAT,  1LUMA,  FASCAT,  GSCAT,  LASS,  and  REFRAC.  RTD  asks  the  user 
questions  about  the  scenario,  Including  relevant  radiative  transfer  parameters,  and  then 
selects  the  radial.  Ive  transfer  code  that  will  best  fit  the  described  situation.19 
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P F N OAT  contains  phase  functions,  extinction  and  scattering  coefficients,  and  the  single¬ 
scattering  albedo  for  38  natural  and  man-made  aerosols  at  16  wavelengths  ranging  from 
0.55  to  12.0  vm.20  FCLOUO  computes  beam  transmittance,  path  radiance,  and  contrast 
transmittance  through  a  homogeneous  ellipsoidal  cloud  for  any  wavelength  Included  In  the 
phase  function  file  PFNDAT.  OVRCST  computes  beam  transmittance,  path  radiance,  and 
contrast  transmittance  along  an  arbitrary  LOS  under  an  overcast  sky  that  Is  optically 
thick.21  MSCAT  calculates  the  energy  from  a  laser  beam  that  arrives  at  a  detector  as  a 
result  of  multiple  scattering  through  an  ellipsoidal  aerosol  cloud  for  wavelengths 
Included  In  PFNDAT.22  ASCAT  determines  how  much  multiple-scattered  radiation  Is 
detected  for  laser  and  transmi ssometer  configurations  for  wavelengths  Included  In 
PFNDAT , 2 3  ILUMA  describes  natural  Illumination  under  realistic  atmospheric  conditions 
that  include  clear  skies,  partly  cloudy  and  overcast  conditions,  precipitation,  and 
fog.  Total  Illumination  Is  computed  as  the  sum  of  the  contributions  from  the  sun,  the 
moon,  and  the  background  sky.21*  FASCAT  utilizes  fast  computational  techniques  and 
approximations  for  treating  single-  and  mu  1  tipi e-sca ttered  radiation  under  partly  cloudy 
conditions  to  compute  path  radiance  and  contrast  at  0.55  and  1.06  urn.25  GSCAT 
determines  path  radiance  effects  at  visible  wavelengths.26  LASS  determines  the 
effectiveness  at  visible  wavelengths  of  large  area  smoke  screens  deployed  at  large  fixed 
and  semifixed  military  installations.27  REFRAC  calculates  the  amount  of  curvature  a  ray 
of  light  at  wavelengths  between  0.4  and  2.0  urn  experiences  as  It  passes  over  a  complex 
terrain  surface.28 

Two  modules  In  EOSAEL  87  address  specific  problems  of  the  degrading  effects  of  the 
atmosphere  on  laser  beam  propagation.  These  are  IMTURB  and  NOVAE.  IMTURB  provides 
optical  turbulence  effects  on  propagation  and  Imagery  statistics  for  arbitrary  slant 
paths  In  the  surface  boundary  layer  of  the  atmosphere  for  wavelengths  from  the  visible 
through  the  IK.29  NOVAE  calculates  linear  and  nonlinear  effects  on  high-energy  laser 
beam  propagation  from  clear  air,  smokes,  and  aerosols  for  visible  through  IR  wave¬ 
lengths  . j0 

E05AEL  B7  has  two  system  performance  modules.  These  are  TARGAC  and  RADAR.  TARGAC 
evaluates  the  combined  atmospheric  and  system  effects  to  determine  target  acquisition 
ranges  as  a  function  of  the  probability  of  detection  or  recognition  for  visible  and  IR 
wavelengths.31  RADAR  calculates  absorption  and  backscatter  at  millimeter  wavelengths 
(0.1  to  350  GHz)  for  rain,  snow,  and  fog  along  the  radar  propagation  path.52 


5.  HANDBOOKS 

EUSAEL  has  been  used  to  aid  In  the  preparation  of  several  handbooks  describing 
expected  obscuration  an  the  battlefield.  In  1980  an  ASL  Introductory  monograph  was 
published  to  describe  qualitatively  the  obscuration  factors  that  affect  E0  systems.33 
In  1981  a  smoke  obscuration  primer  was  published.34  This  was  followed  In  1985  with  a 
manual  giving  a  convenient  and  concise  reference  for  Information  on  natural  and  combat- 
induced  obscuration.35  In  1986  the  Combat  Environments  Obscuration  Handbook  was 
published.36  Also  in  1986  the  standardization  handbook,  Quantitative  Description  of 
Obscuration  Factors  for  Electro-Optical  and  Millimeter  Have  Bystems,  was  published. 3' 
This  latter  handbook  was  published  to  (TJ  provide  data  and  methodology  for  Army  design 
engineers  to  assess  the  effects  of  natural  obscurants  and  battlefield-induced  con¬ 
taminants  on  E0  and  MMW  systems,  (2)  provide  the  analytical  community  with  Information 
to  calculate  system  performance,  and  (3)  Indicate  to  the  test  and  evaluation  community 
the  effects  that  should  be  considered  when  a  system  is  evaluated.  In  1987  a  primer  on 
target  visibility  was  published.30  Also  In  1987  a  handbook  was  published  to  guide  the 
operational  tester  in  Incorporating  battlefield  obscurants  Into  the  testing  process.39 
Soon  to  be  released  will  be  the  Smoke/Obscurants  Handbook  for  the  Electro-Optical, 
Mil  1  Inte ter  Wave ,  and  Radar  Systems  deve  1 ope  rT4 0  It  will  provide  useful  examples  of  the 
realistic  battlefield  environment  in  whlcn  the  sensors  and  systems  must  operate.  This 
Information  will  enable  the  materiel  developer  to  make  informed  analyses  and  trade¬ 
offs.  The  handbook  will  also  provide  guidance  for  assessment  of  sensors  and  systems  In 
realistic  environments  In  developmental  testing  and  a  link  between  developmental  testing 
and  operational  testing  when  realistic  battlefield  environments  are  to  be  specified. 
Also  soon  to  be  released  Is  the  Handpook  for  Assessment  of  Military  Smokes  and  Smoke 
Screens . 4 1  This  handbook  will  provide  standard! zed  set s  oT  defl  nltlons,  performance 
crl terla,  and  test  methodologies.  It  will  also  Identify  questions  and  conclusions  that 
should  be  addressed  in  future  development  and  applications  of  smokes  and  obscurants. 

These  handbooks  give  qualitative  and  quantitative  descriptions  of  battlefield  atmo¬ 
spherics.  (Battlefield  atmospherics  has  been  defined  es  the  branch  of  atmospheric 
sciences  that  deals  with  the  presence  of  man-made  as  well  as  natural  atmospnerlc  condi¬ 
tions  over  potential  battlefields  and  the  effects  of  such  realistic  environment:,  on 
materiel,  personnel,  tactics,  or  operations.)42  Specific  purposes  for  the  handbooks  are 
listed  In  Table  I. 
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TABLE  1.  PURPOSES  OF  BATTLEFIELD  ATMOSPHERICS  HANDBOOKS 

To  provide  data  and  methodology  for  Army  system  proponents  and  designers  to  assess 
the  effects  of  natural  and  battle-induced  obscurants  on  EO  components  and  systems. 

To  provide  the  analytic  community  with  Information  to  calculate  system  performance 
In  obscured  environments. 

To  Indicate  to  the  test  and  evaluation  community  the  effects  and  levels  of 
obscurants  that  should  be  considered  for  system  evaluation. 

To  indicate  to  the  training  and  doctrine  community  the  effects  of  realistic  battle¬ 
field  environments  on  system  deployment  and  the  potential  outcomes  of  conflicts  In  such 
envl  ronments . 


The  11  rules-of-thumb  given  In  Table  2  have  been  developed  to  estimate  the 
effectiveness  of  smokes,  obscurants,  and  weather  on  EO  sensors.  A  reduction  In 
transmittance  Is  not  the  only  reason  for  sensor  defeat.  Other  Important  sensor  defeat 
mechanisms  Include  changes  In  Illumination  and  contrast  as  well  as  attenuation  of 
contrast  caused  by  the  obscurant  cloud,  scattering  of  light  from  or  emission  by  the 
cloud,  degradation  of  Image  resolution,  and  scene  clutter. 4  *  4I* 


TABLE  2.  RULES  OF  THUMB  FOR  BATTLEFIELD  ATMOSPHERICS 

All  conventional  smokes  (HC,  fog  oil,  phosphorus,  and  anthracene)  and  dust  at 
anticipated  levels  will  screen  visible  and  laser  designator  systems  on  at  least  some 
portions  of  the  battlefield. 

Phosphorus  smokes  and  battlefield  dust  In  large  concentrations  will  screen  thermal 
viewers  (3  to  5  and  8  to  12  urn  wavelengths). 

Conventional  smokes  other  than  phorphorus  are  not  effective  In  the  IR  region  unless 
large  areas  are  screened  so  that  lines  of  sight  through  these  smokes  are  greater  than 
1  km. 


Specially  developed  IK  screencrs  will  screen  thermal  viewers  In  areas  where  they 
are  employed.  Likewise,  specially  developed  obscurants  can  screen  MMW  and  radar 
systems.  Visual  systems  may  not  always  be  screened,  unless  conventional  smokes  are  also 
employed. 

Top  attack  weapons  offer  an  advantage  over  horizontal  (ground  level)  1 1  ne-of-slght 
weapons  In  battlefield  smoke  and  obscurant  environments. 

Smoke  and  obscurants,  acting  In  concert  with  natural  reductions  In  visibility,  can 
be  much  more  effective  than  when  used  alone. 

Natural  reductions  In  visibility  can  defeat  visual  sensors  (such  as  day  sights, 
direct-view  optics,  and  day  TV)  and  laser  rangefinders. 

Thermal  viewers  provide  an  advantage  over  visual  sensors  In  haze,  fog,  and  light 

ral  n. 

In  very  thick  fog,  as  well  as  In  snow,  visual  sensors  and  thermal  viewers  are  both 
degraded  about  equally  In  performance. 

Haze,  fog,  light  rain,  and  snow  provide  much  less  attenuation  for  MMW  and  radar 
systems  than  for  visual  or  IR  systems;  however,  medium  to  heavy  rain  will  adversely 
affect  MMW  systems. 

Atmospheric  factors  will  have  a  tremendous  Impact  on  the  amounts  of  smokes  and 
obscurants  needed  to  effectively  screen  large  areas. 


6.  TACTICAL  DECISION  AIDS  (TDAs ) 

TDAs  combine  a  knowledge  of  weather  and  battlefield-induced  atmospheres  and  the 
effects  they  produce  Into  a  form  that  can  aid  the  combat  commander  In  decision-making. 
Weather-related  TDAs  have  been  developed  and  demonstrated  as  part  of  the  AlrLand 
Battlefield  Environment  program,  the  MICROFIX  topographic  workstation  effort  of  the  U.S. 
Army  Forces  Command,  and  proof-of-concept  for  the  Integrated  Meteorological  System 
(1METS).  The  plan  Is  for  IMETS  to  fuse  and  predict  weather  Information  and  to  auto¬ 
matically  process  the  weather  Information  Into  weather  Intelligence  largely  through  the 


use  of  TDAs.1*5  8oth  weather  data  and  weather  Intelligence  will  be  disseminated  from 

IMETS  over  the  Army  Tactical  Command  and  Control  System  to  automated  systems  throughout 
the  battlefield. 

7.  CONCLUDING  REMARKS 

To  field  test  each  new  weapon  system  or  sensor  In  all  conceivable  battlefield 
weather  conditions  would  be  Ideal;  however,  this  procedure  has  been  found  both 
impractical  and  uneconomical.  The  operation  of  EQ  and  other  similar  "seeing"  devices 
follows  a  set  of  very  predictable  patterns,  for  example,  Seers  law  of  attenuation.  By 
using  computer  simulation  programs  (models),  the  systems  developer  can  predict  the 
operational  behavior  of  each  of  the  sensing  devices  or  weapon  systems  under  varying, 
weather  conditions.  Such  a  set  of  models  may  be  found  in  EOSAEL.  EOSAEL  may  be  used  to 
aid  in  the  production  of  handbooks  necessary  for  field  and  modeling  use.  Also,  using 

EOSAEL  in  conjunction  with  handbooks  and  coupling  these  results  with  real-time  weather 

have  resulted  In  TDAs  that  will  be  operational  with  the  fielding  of  the  IMETS,  IMETS 

will  provide  battlefield  weather  effects  depictions  in  an  easily  understood  form, 
automate  reception  of  weather  data  from  central  facilities  and  local  sensors,  and  fuse 
weather  data  from  all  sources  Into  a  comprehensive  depiction  of  the  atmosphere.  Thus 
IMETS  will  provide  battlefield  commanders  the  abtlity  to  see  the  weather  on  the  battle¬ 
field  and  to  utilize  environmental  conditions  as  a  force  multlpler. 
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Model*  of  Aerosol*,  Clouds  and  Precipitation  for  Atmospheric  Propagation  Studies 
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SUMMARY 

This  paper  will  review  a  number  of  models  for  the  atmospheric  aerosols,  clouds,  and  precipitation  and  their  effects 
on  the  propagation  of  electromagnetic  radiation  at  wavelengths  from  the  ultraviolet  through  the  microwave  spectral 
regions.  The  focus  will  be  on  the  models  developed  at  AFGL  and  elsewhere  primarily  for  use  in  the  atmospheric 
propagation  models  LOWTRAN  (Kneizys  et  al.,  1983  &  1988)  and  FASCODE  (Clough  et  al„  1986),  but  also  will  examine 
other  particulate  models. 

The  scattering  and  absorption  properties  of  the  different  particulate  models  will  presented.  Applications  of  the 
various  models  will  be  discussed  with  recommendations  on  when  it  is  most  appropriate  to  use  which  aerosol  or  cloud 
model.  Sensitivities  of  calculated  transmittances  and  background  radiances  to  the  different  types  of  particulate  models,  will 
be  examined  for  a  range  of  wavelengths. 


1.  INTRODUCTION 

Propagation  of  electromagnetic  radiation  at  optical/infrared  frequencies  through  the  atmosphere  is  affected  by 
absorption  and  scattering  by  air  molecules  and  by  particulates  (e.g.  haze,  dust,  fog,  and  clouds)  suspended  in  the  air. 
Scattering  and  absorption  by  haze  or  aerosols  becomes  the  dominant  factor  in  the  boundary  layer  near  the  earth's  surface, 
especially  in  the  visible,  and  under  reduced  visibility  conditions  at  all  wavelengths.  These  atmospheric  particles  vary  greatly 
in  their  concentration,  size,  and  composition,  and  consequently  in  their  effects  on  radiation. 

This  paper  will  describe  the  optical  &  infrared  properties  of  the  different  types  of  particulates  which  are  present  in 
the  atmosphere  and  provide  summary  of  the  various  models  developed  at  AFGL  and  elsewhere.  The  physical 
characteristics  of  the  particulates  which  affect  the  propagation  of  radiation  through  the  atmosphere  will  be  considered.  The 
greatest  emphasis  will  be  on  the  atmospheric  aerosols,  smce  they  exhibit  the  largest  degree  ot  variability  in  their  nature  and 
properties.  Further  discussion  of  much  of  the  material  covered  in  this  paper,  particularly  on  the  AFGL  models,  is  given  by 
Fenn  et  al.  (1985),  and  the  references  therein. 

2.  AEROSOLS 

Figure  1  summarizes  the  general  characteristics  of  the  atmospheric  aerosols.  Aerosols  in  the  Ijoundary  layer  of  1  to 
2  kilometer  thickness  near  the  surface  have  the  greatest  variability.  These  aerosols  consist  of  a  variety  of  natural  and  man¬ 
made  chemical  compounds,  inorganic  as  well  as  organic.  Particles  arc  transported  from  their  source  regions  into  the 
atmosphere,  or  maybe  formed  within  the  atmosphere  by  gas  to  particle  conversion  through  chemical  or  photochemical 
processes. 

Since  over  twe- thirds  of  the  earth's  surface  is  covered  by  oceans,  the  marine  aerosol  component,  which  consists 
largely  of  sea  salt  solution  particles  and  sulfates  from  the  oxidation  of  dimethylsuiphide  (DMS)  produced  by  the  oceanic 
phytoplankton,  is  the  most  prevalent  aerosol  source.  The  wind  blown  dust  advected  from  the  desert  regions  is  most 
important  continental  aerosol  source.  Table  1  gives  a  breakout  of  the  global  tropospheric  aerosol  composition.  A  recent 
review  of  the  physical  and  chemical  properties  of  the  atmospheric  aerosols  is  provided  by  Jaenicke  (1988). 


Figure  1  -  Characteristics  of  the  atmospheric  aerosols  Table  1  -  Estimated  contribution  of  different  sources 

as  a  function  of  altitude.  to  atmospheric  particulates  (10‘  metric  tons/year) 

SMIC  (1971) 


Natural 

Soil  and  rock  debris* 

100-500 

Fores!  Arcs  and  slash-burning  debris* 

3-150 

Ses  sail 

300 

Volcanic  debris 

25-150 

Particle*  formed  from  gaseous  emissions: 

Sulfate  from  t!)S 

130-200 

Ammonium  salts  from  NH, 

80-270 

Nitrate  from  NO, 

60-430 

Hydrocarbons  from  plsnt  exudations 

75-200 

Subtotal 

773-2200 

Man-made 

Particles  (direct  emissions) 

10-90 

Particles  formed  from  gtscous  emissions: 

Sulfate  from  SO; 

130-200 

Nitrate  from  NO, 

30-35 

Hydrocarbons 

15-90 

Subtotal 

185-415 

Total 

958-2615 

•IncKhk*  iwkmwrn  imnunH  of  indirect  murmjkk  cottiribulionv 
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2.1  Aerosol  Models 

A  large  number  of  aerosol  models  have  been  developed  over  the  years  describing  the  optical  properties  of  the 
atmospheric  aerosols  and  their  effects  on  the  propagation  of  radiation.  Table  2  summarizes  the  models,  developed  during 
the  last  quarter  century,  which  were  intended  for  general  use.  Some  of  these  neglected  variations  in  the  types  of  aerosol  for 
different  environments  (Elterman  and  McQatchcy  et  al.).  Others  did  not  specify  the  vertical  distribution  of  the  aerosols 
(Deirmendjian)  or  only  described  aerosols  for  the  boundary  layer  (the  work  of  HSnel  &  Bullrich,  of  Nilsson,  and  of 
d'Almeida  &  Koepke). 

There  have  also  been  a  number  of  different  aerosol  models  developed  to  characterize  the  aerosol  properties  for  a 
specific  environment.  These  are  given  in  Table  3  for  the  Marine,  Desert  and  Stratospheric  aerosols.  Other  versions  of 
these  specific  aerosol  types  are  also  incorporated  into  the  more  general  models  discussed  above  and  in  Table  2. 


MODEL  COMMENTS 


Deirmendjian  (1964  &  Attenuation  Coeff.  from  Size  Dist.  &  Ref,  Index,  for  Continental,  Maritime,  & 

1969)  Stratospheric  Aerosols,  Gouds,  and  Rain 

Elterman  (1964,  1968,  &  Vertical  Profile  &  Empirical  Wavelength  Dependence 

1970) 

Ivlev  (1967  &  1969)  Vertical  Profiles,  Size  Distribution,  &  Ref.  Index  for  Mixed  Composition 

Aerosols 

McClatchey  et  al.  (1970)  Vertical  Profile  (from  Elterman)  •  Single  Size  Dist.  &  Ref.  Index 

Shettle  &  Fenn  (1976  &  Vertical  Profiles  (Seasonal  &  Volcanic  dependence)  -  Rural,  Urban,  Maritime, 

1979)  Stratospheric,  &  Volcanic  Aerosols  -  Size  Dist.  &  Ref.  Indices  with  Relative 

Humidity  Dependence 

Toon  &  Pollack  (1976)  Boundary  Layer,  Tropospheric,  &  Stratospheric  Aerosols  -  Size  &  Ref.  Index  - 

Primarily  for  Climate  Studies 

H£nel&  Bullrich  (1978)  Boundary  Layer  Models  -  Size  Dist.  &  Ref.  Index  with  Relative  Humidity 

Dependence 

Nilsson  (1979)  Various  Boundary  Layer  Aerosols  with  Size,  Composition,  &  Relative  Humidity 

Dependence 

Kondratyev  et  al.  (1981  &  Vertical  Profiles  -  Various  Tropospheric  &  Stratospheric  Aerosols  -  Size, 

1983)  Composition,  &  Relative  Humidity  Dependence 

1AMAP  / Radiation  Vertical  Profiles  -  Tropospheric  &  Stratospheric  Aerosols  with  Size  &  Ref. 

Commission  (1986)  Index  -  Primarily  Standard  Models  for  Intercomparison  of  Radiation  &  Climate 

Models 


d'Almeida  &  Koepke  Ten  Different  Types  of  Boundary  Layer  Aerosols  with  Size,  Composition,  & 
(1988a  &  1988b)  Relative  Humidity  Dependence,  specified  on  a  5°x5°  global  grid 


MARINE  AEROSOLS 
Barnhardt  &  Streete  (1970) 

Hodges  (1972) 

Wells,  Gal,  &  Munn  (1977) 

Gathman  (1983a  &  1983b) 

de  Leeuw  et  al.  (1989) 
Gathman,  et  al.  (1989) 


DESERT  AEROSOLS 
Joseph  (1975) 

Carlson  &  Caverly  (1977)  and 
Carlson  &  Benjamin  (1980) 


Shettle  (1985)  and  Longtin, 
Shettle,  &  Hummel  (1987  & 
1988) 

d'Almeida  (1987) 


STRATOSPHERIC 

AEROSOLS 

Pinnick,  Rosen,  &  Hoffmann 
(1976) 

Turco  et  al.  (1979)  and  Toon 
et  al.  (1979) 

Brogniez  &  Lenoble  (1987) 


Hummel,  Shettle,  &  Longtin 
(1988) 
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12  BoiuuUry  Layer  Aero  toll 

The  boundary  layer  aerosol  models  include  those  representative  of  rural,  urban,  maritime,  and  desert  environments, 
as  well  as  fog  models.  Most  of  these  models  include  a  dependence  on  the  relative  humidity,  and  in  the  case  of  the  maritime 
and  desert  models  a  dependence  on  the  prevailing  winds. 

The  effects  of  relative  humidity  become  increasingly  important  as  the  atmosphere  approaches  saturation.  For  most 
atmospheric  aerosols  there  is  little  accretion  of  water  for  relative  humidities  below  70  to  80%,  (for  some  nitrates  the  critical 
relative  humidity  is  as  low  as  50%,  Pruppacher  &  Kiett,  1978).  This  means  the  relative  humidity  effects  are  most  important 
for  the  tropospheric  aerosols  where  these  relative  humidities  are  frequently  exceeded.  The  effect  of  increasing  relative 
humidity  is  for  the  particles  to  grow  through  the  accretion  of  water,  which  also  means  a  change  in  the  composition  and 
effect  refractive  index  of  the  aerosol  particle. 


The  size  distributions  of  atmospheric  particulates  are  commonly  represented  by  analytic  functions.  The  most 
commonly  used  of  these  are  the  log-normal  distribution: 


dN(r)  2  N,  (log  r  -  log  r,)2 

n(r)  » -  «  I  -  exp - — 

dr  ln(10)ra(V2ar  2a,2 


(1) 


where  N(r)  is  the  cumulative  number  density  of  particles  of  radius  r,  a,  is  the  standard  deviation,  r,  is  the  mode  radius,  and 
N,  is  the  total  number,  for  the  ilh  mode; 
and  the  modified  gamma  distribution: 


dN/dr  «  n(r)  =  ar"  exp(-bry), 


(2) 


where  a,  a,  b,  and  y  are  parameters  defining  the  size  distribution. 


Typical  characteristics  and  sizes  for  the  boundary  layer  models  are  given  in  Table  4,  where  the  size  parameters  refer 
to  the  log-normal  size  distribution  (eq.  1).  The  precise  values  of  the  parameters  will  change  with  variations  in  the  relative 
humidity,  and  in  the  case  of  maritime  aerosols  with  variations  in  the  wind  speed  and  duration  of  time  since  the  air  mass  was 
over  land  (Gaihman,  1983a  &  1983b). 


Table  4  •  Representative  Sizes  and  Composition  for  Boundary  Laver  Aerosols 


Aerosol  Model 

Size  Distribution 

Type 

N, 

o-i 

Rural 

0.999875 

0.03 

0.35 

Mixture  or  Water  Soluble 

0.000125 

0.5 

0.4 

and  Dust-Like  Aerosols 

Urban 

0.999875 

0.03 

0.35 

Rural  Aerosol  Mixtures 

0.000125 

0.5 

0.4 

with  Soot-Like  Aerosols 

Maritime 

Continental 

Origin 

0.99 

0.03 

0.35 

Rural  Aerosol  Mixture 

Oceanic 

Origin 

0.01 

0.3 

0.4 

Sea  Salt  Solution  in  Water 

Tropospheric 

1.0 

0.03 

0.35 

Rural  Aerosol  Mixture 

For  desert  regions,  in  the  absence  of  vegetation  to  hold  the  surface  particles  in  place,  the  size  distribution  can  be 
related  to  the  prevailing  wind  velocities.  Figure  2  shows  the  desert  aerosol  size  distribution  changes  with  wind  speed  for  the 
models  of  d‘ Almeida  (1987)  and  of  Longtin  et  al.  (1988a  &  1988b). 

Given  the  size  distribution  and  complex  refractive  index  for  the  atmospheric  aerosols  their  radiative  properties  can 
be  determined  from  Mie  scattering  calculations.  Figure  3  illustrates  the  extinction  coefficients  for  the  rural  aerosol  model 
as  a  function  of  wavelength  for  several  relative  humidities.  Figure  4  shows  the  angular  scattering  function  (often  referred  to 
as  the  phase  function)  fur  marine  aerosols  for  several  wavelengths. 

23  Stratospheric  Aero  toll 

The  aerosols  normally  present  In  the  lower  stratosphere  (from  the  tropopause  up  to  about  30  km),  are  largely 
sulfuric  acid  solution  droplets.  These  are  produced  through  photochemical  reactions  involving  carbonyl  sulfide  (COS), 
sulfur  dioxide  (SO,)  and  other  gases  (Whitten  et  al.,  1980  and  Toon  &  Farlow,  1981).  The  background  stratospheric 
aerosols  are  often  perturbed  major  volcanic  eruptions  (such  as  el  Chichon)  which  can  inject  significant  amounts  of  SO,  and 
volcanic  ash  into  the  stratosphere.  The  larger  volcanic  ash  particles  will  settle  out  in  a  short  period  of  time  but  the  sulfuric 
add  aerosols  produced  from  the  SO,  will  persist  for  several  years,  with  a  1/e  loss  time  of  - 12  months, 

Representative  values  for  the  vertical  distributions  of  the  aerosol  extinction  are  shown  in  Figure  5  for  moderate, 
high,  and  extreme  volcanic  profiles  in  addition  to  the  background  conditions.  Figure  6  illustrates  the  wavelength 
dependence  of  the  different  stratospheric  aerosol  models. 


dN/d 


30  m/s 
0  m/s 


u.  10- 


Sond  storm  ■ 
Wind  Carrying  Dust  1 
Background  ■ 


RELATIVE 

HUMIDITY 


Particle  Radius  (micrometer) 

Figure  2.  Number  density  distribution  for  the 
Longtin  et  al.  (1988)  desert  model  (solid  lines)  and 
that  of  d' Almeida  (1987)  (dashed  lines). 


WAVELENGTH  (MICRONS) 

Figure  3.  Extinction  coefficients  vs  wavelength  for 
the  rural  aerosol  model  with  different  relative 
humdltles  and  a  number  density  of  15,000  cm  3. 
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Figure  4.  Angular  scattering  function  for  the  Shettle 
&.  Feun  (1979)  maritime  aerosol  model  with  a 
relative  humidity  of  80%  and  a  number  density  of 
4,000  cm-3  for  several  wavelengths. 


Figure  5.  The  vertical  distribition  of  the  aerosol 
extinct’ on  (at  0.55  /tm)  for  the  Shettle  &  Fenn  (1976) 
aerosol  models.  Alto  shown  for  comparison  are  the 
Rayleigh  molecular  scattering  profile  (dotted  line) 
and  Elterman's  (1968)  model.  Between  2  and  30  km, 
where  a  distinction  on  a  seasonal  basis  is  made,  the 
spring-summer  conditions  are  indicated  with  a  solid 
line  and  the  fall-winter  conditions  a  dashed  line.. 
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Figure  6.  Extinction  coefficients  for  the  different 
stratospheric  aerosol  models.  The  extinction 
coefficients  have  been  normalized  to  values  near 
peak  levels  for  these  models. 


Figure  7.  Spectral  dependence  of  the  extinction 
coefficients  for  the  different  water  clouds . 


3.  FOG  &  CLOUD  MODELS 

There  are  five  water  cloud  models  (Cumulus,  Stratus,  Stratus/Strato-Cumulus,  Alto-Stratus,  &  Nimbo-Stratus) 
which  are  included  in  LOWTRAN  (Kneizys  et  al„  1988)  &  FASCODB  (Clough  et  al.,  1986  &  1988).  These  arc  based  on  a 
subset  of  the  cloud  models  developed  by  Silverman  and  Sprague  (1970),  and  discussed  by  Falcone  et  al.  (1979)  and  Fenn  et 
al.  (1985).  They  were  selected  in  part  to  encompass  as  wide  a  range  os  possible  of  the  optical/lR  properties  of  the  ten 
cloud  models  developed  by  Silverman  and  Sprague,  (the  two  extreme  fog  models  of  the  four  they  developed  ore  also  used). 
The  droplet  size  distributions  for  the  models  are  represented  by  a  modified  gamma  distribution  (Eq.  2),  with  y  -  1.  The 
values  of  the  parameters  characterizing  the  cloud  droplet  size  distributions  are  summarized  in  Table  5. 


Tabic  5  -  Ptramtfcra  for  Fog  &  Claud  SIk  Distribution  Models  tueri  In  LQWTBAN  &  FASCODE 

Cloud  Typa  ah  a  M0‘<cnf3)  W4(g-a"3)  Zxt*  (kaf^A-O.SSjuu) 


Heavy  Advaotlon 
fog 

3 

0.3  0.027 

20 

0.37 

10.0 

20.0 

28.74 

Modarata  Radia¬ 
tion  fog 

6 

3.0  607.  S 

20 

0.02 

2.0 

3.0 

8.672 

Cumulus 

3 

0.S  2.604 

250 

1.00 

6.0 

12.0 

130.8 

•tratua 

3 

0.6  27.0 

250 

0.29 

3.33 

8.33 

55.18 

Stratua/atrato- 

Cuaulua 

? 

0. 75  52.734 

250 

0.15 

2.67 

6.67 

35.65 

Alto-atratu. 

s 

1.111  6.268 

400 

0.41 

4.5 

7.2 

91.04 

Mimbo-ltratua 

3 

0.425  7.676 

200 

0.65 

4.7 

11.76 

87.08 

Cirrua 

S 

0.0937S  2.21‘10“1J 

0.02S 

0.06405 

64.0 

96.0 

1.011 

Thin  Cirrua 

6 

1.6  0.011865 

0.5 

3.128,10”4 

4.0 

6.0 

0.0831 

extinction  (Ext);  they  can  be  specified  by  the  user  in 
number  and  mass  distribution  respectively. 


the  codes.  RN  and  RM  denote  the  mode  radii  for  the 
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Other  cloud  models  are  described  by  Carrier  et  al.  (1967)  and  by  Stephens  (1978a  &  1978b)).  The  latter  were 
partially  based  on  the  size  distributions  of  Carrier.  Falcone  et  al.  (1979)  pointed  out  there  are  some  inconsistencies 
between  Carrier's  size  distributions  and  his  original  references.  A  review  of  fog  properties  is  given  by  Stewart  & 
Essenwanger  (1982). 

The  radiative  properties  of  the  clouds  were  derived  from  Mie  scattering  calculations  using  the  refractive  index  of 
water  from  Hale  &  Queny  (1973)  for  wavelengths  through  200  /im,  and  from  Ray  (1972)  for  the  longer  wavelengths.  The 
resulting  extinction  coefficients  for  the  cloud  models  are  shown  in  Figure  7  as  a  function  of  wavelength. 

There  are  three  cirrus  cloud  models  in  LOWTRAN7,  the  NOAA  model  (Hall  et  al.  1983),  which  is  retained  for 
consistency  with  LOVVTRAN6  and  FASCOD2,  and  two  hew  cirrus  models,  one  for  regular  eirrus  and  the  other  for  optically 
thin  (or  sub-visual)  cirrus.  The  NOAA  cirrus  model  was  empirically  based,  assuming  the  extinction  due  to  cirrus  was 
independent  of  wavelength;  it  is  only  valid  in  the  visible  and  IR  and  does  not  separate  the  scattering  and  absorption,  so  it 
can  not  be  used  for  radiance  calculations.  To  alleviate  these  limitations  the  new  cirrus  models  were  developed.  The  ice 
size  distribution  is  similar  to  one  used  by  Liou  (1974)  with  different  choices  for  the  mode  radius.  The  parameter  values 
used  for  the  two  new  cirrus  models  axe  given  in  Table  5. 


For  simplicity  in  the  Mie  calculations,  the  cirrus  particles  were  assumed  to  be  spherical,  rather  than  cylindrical  or 
platelets.  The  major  spectral  characteristics  of  the  models  should  not  be  affected  by  this  assumption,  although  the  detailed 
values  will  be.  The  refractive  index  of  ice  was  taken  from  Fenn  et  al.  (1983)  and  from  Warren  (1984).  The  calculated 
values  of  the  attenuation  coefficients  for  the  cirrus  models  are  shown  in  Figure  8. 


Figure  8a.  Attenuation  coefficients  for  the  thin  (sub-  Figure  8b.  Same  as  Fig.  8a  for  regular  cirrus, 

visual)  cirrus  cloud  model  with  an  ice  crystal 
concentration  of  1  cm  3. 


It  should  be  recognized  that  real  clouds  can  exhibit  u  very  complex  three-dimensional  structure,  unlike  the 
LOWTRAN  cloud  models  which  only  permit  vertical  variations  in  their  concentration.  The  measurements  of  Bloranta  & 
Orund  (1989)  presented  at  this  symposium  illustrate  this  very  clearly. 

4.  PRECIPITATION  MODELS 
4.1  Rata  Mod -U 

The  most  commonly  used  representation  for  the  size  distribution  of  raindrous  is  the  exponential; 

dN/dD  -  N0exp<-  A  D),  (3) 

where  D  is  the  diameter  and  N„  and  A  are  parameters.  It  dates  back  at  least  to  Marshall  &  Palmer  (1948),  and  is  a  special 
case  of  the  modified  gamma  distribution  (Eq.  2),  with  a-0  and  y»l,  They  fit  Eq.  (3)  to  the  measurements  of  Laws  & 
Parsons  (1943),  finding  N.  -  80,000  mm*4  to  be  a  constant  and  A  -  4.1  R-0-5'  (mm'),  where  R  is  the  rain  rate  in  mm/hr. 
More  recently  Joss  &  Waldvogel  (1969)  and  Sekhon  &  Srivastava  (1971)  have  used  the  exponential  form  where  the  choice 
of  Nt  and  (1  depend  on  the  type  of  rainfall. 

In  the  visible  and  IR  It  is  possible  to  desive  a  analytic  expression  for  the  extinction,  since  the  raindrops  are  large 
compared  with  the  wavelength  and  the  geometric  optics  limit  applies.  In  this  case  the  Mie  extinction  efficiency  factor  can 
approximated  as  2,  independent  of  the  wavelength.  For  rain  size  distribution  the  parameters  are  constants  or  have  apower 
law  dependence  on  the  rai orate  (as  is  the  case  for  the  size  distributions  discussed  above),  then  the  extinction  coefficient, 
A*  can  be  related  to  the  rainrate  by  a  power  law: 

/L  -  AR».  (4) 
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The  value*  for  the  parameters  A  and  B  corresponding  to  the  various  rain  distributions  are  summarized  in  Table  6,  where  j) 
has  units  of  km4  with  R  in  mm/hr.  The  resulting  extinction  coefficients  are  shown  in  Figure  9  as  a  function  of  wavelength. 
Also  shown  for  comparison,  are  some  representative  values  of  the  extinction  derived  from  various  measured  size 
distributions. 


IUIN  RATE  (mm/kl 

Figure  9.  The  visible  and  near  IR  extinction  coefficients  as  a 
function  the  rainrate  for  several  different  rain  models  (see 
Table  6).  The  individual  points  were  calculated  from  the 
measured  size  distributions  for  various  rainfalls. 


For  longer  wavelengths  the  assumption  that  the  Mie  extinction  efficiency  is  2,  begins  to  breakdown  and  exact  Mle 
scattering  calculations  should  be  used.  For  intermediate  wavelengths  (less  than  0.3  mm)  an  empirical  expression  for  the 
efficiency  factor  Q,^,  for  water  drops  due  to  van  de  Hulst  (1957)  can  be  used: 

On*  -  2  +  1.84X-V’,  (5) 

where  x  -  2m/ \  is  the  size  parameter.  Using  the  van  de  Hulst  approximation  (Eq.  5)  with  the  raindrop  size  distribution 
(Eq.  3)  in  integrating  the  extinction  over  the  droplet  size  distribution  leads  to  the  following  expression  for  extinction: 

Aw  -  *N0  A  3  +  O.46ji>/3N0  K1/3  A-V>r(7/3),  (6) 

where  T  is  the  Gamma  Function.  Evaluating  this  expression,  it  simplifies  to: 

/3„(  -  AR“  +  O  as/3Rd,  (7) 

where  A,  B,  C,  mid  D  are  parameters  whose  values  are  given  in  Table  6,  Without  the  wavelength  dependent  correction  (the 
term  on  the  right-hand  side  of  Eq.  7),  Eq.  (7)  reduces  to  the  power  law  approximation  (Eq.  4)  for  the  extinction  due  to  rain. 


'type  of  Rain 


Marshall-Palmer  (1948) 


Drizzle  (Joss  &. 
Waldvogel,  1969) 


Widespread  (Jou  & 
Waldvogel,  1969) 


Thundentorm  (Jou  &. 


Waldvogel,  19 


Thunderstorm  (Sckhon  & 
Srivastava,  1971) 


7.000R0-37 


e  values  for  the  parameters 


are  for  the  rainrate  k  m  mm/hr  and  the  wavelength  K  in  mm. 
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It  might  be  noted  that  Nussenzveig  and  Wiscombe  (1980)  have  derived  a  more  accurate  general  expression,  t'  -,'n 
de  Huist's  result  (Eq.  5),  with  the  coefficient  for  xW*  equal  to  1.992  instead  of  1.84  plus  higher  order  terms  in  x,  v..  !>’  j 
dependence  on  the  complex  refractive  index.  However  simply  neglecting  the  higher  order  terms  in  the  Nussenzveig  and 
Wiscombe  result  does  not  do  as  well  as  using  Eq.  (5),  which  is  accurate  to  better  than  3%  for  wavelengths  less  than  0.3  mm. 

4.2  Snow  Models 

Snow  Oakes  present  an  interesting  problem  with  regard  to  the  optical  effects  because  of  their  extremely  complex 
shapes  and  dimensions.  Under  most  conditions  simple  snow  crystals  have  an  approximate  hexagonal  symmetry.  However 
their  size  and  shape  are  influenced  by  the  temperature  and  humidity  conditions  existent  during  their  formation  and  growth. 
The  standard  classification  scheme  is  that  of  Magno  &  Lee  (1966).  Further  complicating  the  picture  is  the  essentially 
infinite  variety  of  agglomerates,  (formed  by  collisions  between  individual  snowflakes)  that  can  exist,  the  fact  that  any  of  the 
basic  crystals  can  be  modified  by  the  attachment  of  super-cooled  waterdrops  in  a  process  called  riming.  A  recent  review  of 
models  for  the  effects  of  falling  snow  on  atmospheric  propagation  is  given  by  Koh  (1989). 

Studies  by  a  number  of  investigators  have  addressed  the  question  of  the  relationship  between  snow  fall  rate  and 
extinction.  The  results  as  shown  in  Figure  10  (based  on  the  work  of  Mason,  1978),  vary  widely,  due  to  both  variations  in  the 
crystal  habit  or  the  size  distributions  and  to  uncertainties  in  the  measurement  of  the  snow  fall  rate.  It  also  should  be  noted 
that  the  attenuation  due  to  snow  (for  all  the  data  sets)  is  larger  than  the  attenuation  due  to  rain  for  the  same  mass 
precipitation  rate,  as  was  noted  by  Gibbons  (1989)  at  this  meeting.  This  is  expected  since  the  effective  cross-sectional  area 
of  snowflakes  will  be  larger  than  raindrops,  since  spheres  have  the  minimum  mean  cross-section  for  a  given  volume  and 
because  ice  is  less  dense  titan  water. 

The  scatter  in  the  extinction  versus  precipitation  rate  of  Figure  10  can  be  reduced  by  using  not  the  equivalent  liquid 
water  precipitation-rate  but  the  actual  rate  of  accumulated  depth  of  precipitation,  (which  is  much  harder  to  accurately 
measure  for  snow).  The  results  of  the  different  studies  in  Figure  10  can  be  expressed  as  power-law  identical  to  the  relation 
between  rainrate  and  extinction  (Eq.  4),  where  R  is  generalized  to  the  equivalent  liquid  water  precipitation  rate. 
Converting  the  equivalent  liquid  water,  R,  to  snow  depth,  S,  using  the  meteorological  "rule-of-thumb"  of  1  mm  rain  to  10 
mm  of  snow  (Miller  &  Thompson,  1970),  this  generalized  expression  for  extinction  (Eq.  4)  as  function  of  precipitation-rate 
becomes: 


P  -  A’SB  (8) 

where  A'  =  A  (1/10)“,  (9) 

and  S  is  the  rate  of  snow  accumulation.  The  conversion  from  equivalent  liquid  water  to  actual  snow  depth  will  vary  from 
less  than  1  to  5  for  wet-heavy  snow  to  greater  than  1  to  20  for  dry-powdery  snow, 

The  values  for  the  parameters  A  and  B  given  by  Mason  (1978),  and  the  corresponding  values  of  the  parameter  A' 
(calculated  using  Eq.  9),  are  given  in  Table  7.  The  resulting  dependence  of  the  extinction  on  the  snow  accumulation  rate 
(Eq.  8)  is  shown  in  Figure  1 1,  where  the  extinction  for  the  Marshall-Pftlmer  rain  model  is  shown  for  comparison,  The 
extinction  due  to  ruin  now  Is  bracketed  by  the  different  snow  models. 

Table  7  •  Parameters  Relating  the  Extinction  Due  to  Snuw  to  the  Snow  Precipitation 

Rate  Expressed  as  Equivalent  Liquid  Water.  In  mm/hr.  (Eq.  4).  and  ExnressetLas 

AcciuBMtotai  Bam  Fill.  In  nua/hr.  flBa>  8) 


Investigator 

A 

B 

A' 

Lillesaeter 

3,93 

1.0 

0.393 

Zel'manovich 

1.3 

0,5 

0.411 

Polyakova  &  Tret  Iakov 

3.2 

0.91 

0.394 

Mellor 

1.11 

0,42 

0.422 

Warner  &  Gunn 

2.53 

1.0 

0,253 

O'Brien 


1393  0.69  0.284 


(COUMUNT  UQUO  WtfEfl)  ACCUMUlAnON  HAT*  (mM/hf) 


Figure  16.  The  extinction  during  falling  snow  as  a  Figure  11.  The  same  as  Figure  10 ,  only  as  a  function 
function  of  precipitation  rate  as  equivalent  liquid  of  the  actual  accumulation  rate,  (Eq.  9). 

water  for  several  snow  models  (adapted  from  Mason, 

1978) 


4J  Forward  Scattering  Corrections 

For  both  rain  and  snow,  where  for  visible  and  IR  wavelengths  the  characteristic  particle  sizes  are  much  larger  than 
the  wavelengths,  the  measured  values  of  transmission  will  generally  be  higher  than  expected  baaed  on  the  extinction 
coefficients  given  in  the  previous  two  sections  (4.1  A  4.2).  Also  they  exhibit  a  stronger  wavelength  dependence  than 
indicated  by  Eq.  (7).  Seagraves  (1983)  notes  that  snow  transmittance  measurements  indicate  the  extinction  is  30%  to  50% 
higher  in  the  8-12  pm  spectral  region  than  the  visible,  instead  of  the  less  than  5%  predicted  by  the  wavelength  dependence 
of  Eq  (7),  (allowing  for  the  difference  between  the  size  of  snowflakes  and  raindrops). 

Mill  and  Shettle  (1983)  have  shown  that  this  can  be  explained  by  the  pronounced  forward  scattering  lobes  due  to 
Fraunhofer  diffraction  fur  very  large  particles.  The  angular  width  of  these  diffraction  peaks  (which  go  inversely  with  the 
size  parameters)  can  be  comparable  to  the  field-of-view  for  typical  transmissometeis.  When  this  occurs,  a  significant 
fraction  of  the  scattered  light  will  be  seen  by  the  transmissometer  and  be  indistinguishable  from  the  directly  transmitted 
light.  They  derived  a  relationship  between  the  measured  transmittance,  ru,  and  the  true  transmittance,  r,  (which  would  be 
measured  by  a  transmissometer  with  zero  receiver  field-of-view,  $ ,  or  zero  source  divergence,  <f> : 

rm  -  r(l  +  D'lnt),  (10) 

where  I?  is  a  function  uf  the  transmissometer  f.o.v.,  the  source  divergence,  and  the  particle  size  parameter.  The  values  of 
D'  are  shown  in  Figure  12,  (also  see  Fenn  et  al.,  1985).  Similar  results  have  also  been  developed  by  Seagraves  (1983  A 
1986)  and  by  Bohren  A  Koh  (1985). 


VK'MIiMS,*) 


Figure  12.  Correction  factor,  D'  (Eq.  10),  for  forward 
scattering  as  a  function  of  transmissometer  geometry  and 
particle  size  parameter. 
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DISCU8SI0M 


A.  KOHHLX 

Land  aarcaol  models  are  driven  by  parameters  like  wind  velocity,  humidity,  etc.  Are 
there  any  plans  to  relate  these  models  to  surface  types  and,  in  addition,  to  surface 
conditions? 

AUTHOR'S  RIPLY 

Other  than  for  dasert  aerosols  and  the  maritime  aerosols  which  I  discussed,  I  do  not 
know  of  such  modeling  studies.  For  land  surfaces  with  vegetation,  the  problem  becomes 
more  complicated,  since  in  addition  to  variations  in  the  soil  composition,  there  are 
surface  binding  effects  of  plants  and  more  variation  in  the  moisture  content  of  the 
ground  surface  than  for  desert  regions.  Also,  there  are  less  data  available  on  the 
production  of  aerosols  from  such  surfaces,  than  for  desert  or  oceanic  regions. 

D.  HORN 

Can  you  give  some  more  information  on  the  wavelength  dependence  of  transmission  through 
falling  snow,  e.g.,  the  higher  measured  values  in  the  visible  rather  than  the  infrared 
at  10  pm? 

AUTHOR'S  RIPLY 

The  higher  measured  transmission  for  visible  wavelengths  than  infrared  (IR)  in  falling 
snow  is  an  instrumental  effect.  For  snow  (and  rain)  where  the  particle  sizes  are  much 
larger  than  the  wavelength,  much  of  the  scattered  light  is  in  the  forward  direction 
within  the  so-called  diffraction  peak.  The  angular  width  of  this  diffraction  peak  is  on 
the  order  of  a  few  milliradians  in  the  visible  for  falling  snow,  and  goes  inversely  with 
the  ratio  of  the  particle  size  to  the  wavelength.  This  angular  wid:h  of  the  scattered 
radiation  is  comparable  to  the  field-of-view  (FOV)  of  typical  transmissometers.  For 
the  visible,  much  of  the  diffraction  peak  often  falls  within  the  FOV,  so  it  appears 
not  to  be  scattered.  In  the  IR,  the  diffraction  peak  becomes  broader  with  increasing 
wavelength,  with  the  result  that  more  of  the  scattered  light  falls  outside  of  the  FOV, 
and  is  not  sensed  by  the  transmissometer.  With  knowledge  of  the  particle  size  distribu¬ 
tion  and  the  instrument  characteristics  this  dependence  on  wavelength  can  be  calculated. 
This  is  discussed  further  in  the  text  of  the  talk. 

J.  BILBY 

How  do  the  optical  properties  of  desert  aerosols  vary  in  different  geographical  desert 
areas  and  what  has  been  used  In  LOWTRAN  7? 

AUTHOR*  ■  REPLY 

Desert  aerosols  do  have  different  optical  properties  dapending  on  composition.  This  can 
be  seen  in  the  different  colors  of  desert  sands  which  range  from  white  to  yellows  and 
browns  or  reds.  LOWTRAN  7  uses  the  model  of  Longtin  et  al.  (1988)  which  was  developed 
to  be  representative  of  typical  deserts.  It  treats  the  small  particles  as  being  back¬ 
ground  ammonium  sulfate,  with  a  slight  contamination  of  carbon  particles,  and  the  large 
particles,  or  sand  which  Is  made  up  of  quartz  mixed  with  hematite.  We  have  not  attempt¬ 
ed  to  model,  within  LOWTRAN,  the  variations  in  the  composition  which  occur.  However, 
the  major  variation  with  wavelength  is  driven  by  the  size  distribution,  rather  than  the 
composition.  The  refractive  index,  which  is  a  function  of  the  composition,  determines 
the  spectral  location  of  peaks  and  valleys  in  'the  scattering  and  absorption  as  a  func¬ 
tion  of  wavelength. 
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INTERPRETING  METEOROLOGICAL  DATA  REPORTS  POR  LOWTRAN  6 
NAVY  AEROSOL  MODEL  EXTINCTION  CALCULATIONS 

A.J.  Beaulieu 

Da fence  Research  Establishment,  Valcartiar,  2459  Pi a  XI  Blvd.  North, 
P.O,  Box  8800,  Courcalatta,  Quebec,  Canada,  GOA  1R0 


SUMMARY  -  To  avaluata  tha  aerosol  extinction,  one  of  the  roost  advanced  model  is  the 
LOWTRAN  6  Navy  Aerosol  model.  However,  to  evaluate  the  extinction  corresponding  to 
weather  conditions  derived  from  meteorological  reports  is  often  difficult  because  these 
reports  lack  one  critical  parameter  required  by  tha  model;  the  Air  Mass  parameter  value. 
Ueing  default  values  for  this  paramstsr  can  lead  to  substantial  errors  in  the  extinction 
at  the  longer  wavelengths*  Furthermore,  the  LOWTRAN  modal  doss  not  accept  values  of 
relative  humidities  greater  than  98%.  These  deficiencies  become  eerioua  When  it  is 
desired  to  derive  statistics  of  tha  1R  extinction  from  meteorological  records.  A 
meteorological  data  interpreter  model  has  been  developed  to  overcome  these  problems. 
This  model  uses  tha  visibility  to  determine  tha  effective  Air  Mass  parameter  as  well  as 
adjusting  the  RH,  the  wind  , velocities  and  the  precipitation  rates  through  a  series  of 
logical  selections  to  arrive  at  a  physically  consistent  solution  with  respect  to  tha. 
available  data.  This  model  was  tested  on  a  large  number  of  weather  scenarios  which 
shows  its  validity  and  its  effects  on  IR  system  performance  assessment. 


1.  INTRODUCTION 


The  atmospheric  extinction  is  the  dominant  factor  affecting  the  performance  of  IR 
systems  in  the  marine  environment.  To  avaluata  the  performance  of  such  system*  in 
various  regions  of  operation,  the  only  data  available  is  the  meteorological  records 
which  have  been  accumulated  by  weather  ships  some  20  to  30  yaars  ago.  To  estimate  the 
IR  extinction  from  such  data,  we  presently  rely  on  tha  LOWTRAN  atmospheric  propagation 
coda* .  LOWTRAN  6  adequately  accounts  for  the  effects  of  molecular  absorption  and 
provide  various  models  for  calculating  tha  aerosol  extinction.  One  of  these  aerosol 
models,  the  Navy  maritime  model  developed  by  Gathman2  at  NKL,  is  the  most  suitable  one 
for  ocean  atmospheres.  s 

In  the  Navy  model,  tha  particle  aixa  distribution  mode  (for  radius  r)  is  the  sum 
of  three  log-normal  distributions  given  byi 

3 

n(r)  -  l  [-(lnfr/Frj)2}  (cm"3  urn-1)  (1) 

i-1 

where 


Aj  -  200Q( AM) 2 


(2) 


A2  -  S . 866 (Va  -  2.2)  (3) 

A3  -  10<.006VC  -  2.8)  (4) 

Component  A(  represents  the  contribution  by  continental  aerosols  and  A k  i#  an  Air  Maas 
parameter  that  ie  allowed  to  range  between  integer  values  of  1  for  open  ocean  and  10  for 
coastal  areas.  Components  A2  and  A3  represent  equilibrium  sea  spray  particles  generated 
by  surface  winds.  The  first  corresponds  to  small  particles  whose  density  is  a  function 
of  the  surface  wind  apead  averaged  over  24  h  (Va,  in  m/s)  while  the  second  depends  on 
the  current  surface  wind  speed  Vc.  Tha  expression  for  A,  given  here  differs  from  the 
original  one  of  Ref.  (2)  and  is  an  improved  value  which  is  believed  to  be  included  in 
LOWTRAN  73 .  For  wind  velocities  less  then  2.2  m/s,  the  density  of  the  sea  spray 
aerosols  A2  and  A3  are  taken  to  be  0.5  and  .000015  respectively. 


In  Eq.  (1),  r.  ,  the  modal  radius  for  each  component,  is  allowed  to  grow  with 
relative  humidity  (RH)  according  to  the  Fitxgarald  formula1*  i 

F  -  ((2-  RH/100)  /. 6( l-RH/100) j  1/3  (5) 

The  contribution  to  the  total  extinction  by  each  aerosol  component  can  be  written  aei 

BUJj  -  (O.OOlxA^/F)/  QU,r,n)expj-(ln(r/Fri)2}r2dr  (km”1)  (6) 

where  Q(X,r,n)  is  the  cross  ssetion  for  the  extinction  norsialixed  to  the  geometrical 
cross  section  of  tha  spherical  particle,  and  n  is  the  complex  refractive  index,  which  is 
allowed  to  change  from  that  of  a  dry  sea  salt  as  the  particle  deliquesces  with  increas¬ 
ing  humidity.  When  an  observed  surface  visibility  is  available  as  an  input  to  the 
modal,  the  model  calculates  ths  visibility  at  0.55  itm  predicted  from  the  AM  value,  RH, 
Va  and  Vc  and  takes  the  ratio  (C)  of  the  calculated  to  the  observed  visibility.  It  then 
usee  thie  ratio  to  multiply  all  the  A  parameters  such  that  the  extinction  at  0,55  um  ie 
compatible  with  the  observed  visibility  and  the  subsequent  estimates  of  the  extinction 
at  any  wavelength  ie  made  using  these  adjusted  values  of  aerosol  densities.  Fundamen¬ 
tally,  the  Input  valuee  of  AM,  RH  and  winds  determines  the  ratio  of  visible  to  IR 
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extinctions  and  tha  viaibility  input  adjusts  the  anplitudes  of  the  extinctions  to  match 
the  reported  viaibility.  An  error  in  the  AM  value  will  then  strongly  affect  the  IR 
extinction  accuracy. 

A  number  of  difficultiee  were  experienced  when  trying  to  estimate  the  aeroaol 
extinction  i.i  the  IR  wavelengths  uaing  the  available  data  from  meteorological  recorda. 
Firat  there  ia  no  indication  of  tdiat  Air  Maea  parameter  value  to  be  uaed  and  in  the 
absence  of  an  input  the  program  aaeumea  a  default  value  of  3  for  AM.  Secondly  tha  wind 
values  provided  are  only  the  current  wind  values  and  it  is  necessary  to  assume  that  the 
average  wind  ia  the  same  as  the  current  value.  Furthemore,  a  number  of  records  indicate 
that  tha  relative  humidity  is  greater  than  981  which  the  LOWTRAN  code  will  not  accept  as 
valid.  Finally  the  effects  of  precipitation  on  tha  viaibility  (and  hence  on  the  C 
ratio)  is  not  taken  into  account.  Evan  worse  the  precipitation  rate  ia  generally  given 
by  a  simple  descriptive  such  as  ‘light  rain"  (which  means  anything  from  0.1  to  2  mn/hr) 
which  is  generally  assumed  to  mean  something  near  the  maximum.  In  the  Northern  seas, 
the  occurrence  of  snow,  which  is  much  more  effective  in  reducing  tha  visibility,  can 
significantly  distort  the  extinction  results. 

2.  METEOROLOGICAL  DATA  ANALYSIS 

A  number  of  representative  weather  reports  were  selected  to  represent  tha  various 
conditions  encountered  in  the  North  Atlantic* .  Using  the  default  value  of  3  for  the  air 
mass  parameter  and  limiting  the  RH  value  to  98%,  the  Navy  aerosol  model  was  used  to 
evaluate  the  IR  extinction  corresponding  to  these  scenarios.  The  C  parameter  values 
were  also  recorded  as  well  as  tha  “effective"  air  mass  parameter  and  wind  velocity. 
These  effective  parameter  values  are  those  which  would  be  required  to  give  the  adjusted 
visible  extinction  as  determined  from  tha  C  ratio.  Typically  the  effective  wind  (Veff) 
is  calculated  from  the  relation) 

5.866(Veff  -  2.2)  -  C*5.866(Va  -  2.2)  (7) 

Similarly  the  effective  air  mase  parameter  (AMeff)  value  is  estimated  from  tha  relation) 

AMeff  -  3  (C) - s  (8) 

Particularly  unrealiatia  values  of  effective  air  mass  parameter  in  excess  of  20  and 
winds  in  excess  of  100  m/s  wero  obtained  When  tha  RH  was  reported  as  greater  than  98%. 
This  has  led  to  a  reformulation  of  the  way  to  calculate  the  effects  of  relative  humidity 
which  ie  described  below. 


3.  EXTINCTION  MODELING 

Using  ths  Navy  aarosol  modal  in  LOWTRAN  6,  it  is  possible  to  determine  tha 
normalixed  extinction  (for  A^/F  -  1)  of  the  various  types  of  aerosols  as  a  function  of 
their  mean  aite  which  is  given  by  Fr,  where  F  is  given  by  expreasion  (5)  and  rj  is 
the  mean  site  of  the  aerosols  at  80%  relative  humidity.  In  tha  limit  of  large  particle 
sixe,  this  normalised  extinction  should  vary  as  the  cube  of  the  mean  partiale  else.  A 
mathematical  model6  was  developed  to  replace  the  time  consuming  Mie  calculations,  and 
which  rsspsctsd  the  large  sixe  limit  and  the  Anomalous  Scattering  approximation  in  the 
limit  of  small  particlas.  When  expressed  in  the  same  terms  as  the  Navy  aeroaol  modal, 
this  modal  is  doscribsd  byi 

@(l,r)i  -  (Ai/F)r3K0(l+K1/(K2+r)+K3/r}{ri/(K2K4+r2)}  (km"1)  (9) 

whsre  ths  K^a  ara  to  ba  determined  for  each  wavelength  except  for  K»  which  is  the  same 
for  all  wavelengths.  Note  that  this  modal  does  not  considar  the  effects  of  the  changes 
in  tha  refractive  index  of  the  aerosols  as  a  function  of  ths  relative  humidity. 

Plotting  the  normalixed  extinction  obtained  from  I.OWTRAN  6  against  mean  aerosol  sixe  for 
all  three  types  of  aerosols,  best  fit  valuss  of  the  K  parameters  ware  svaluatsd  for  the 
40  reference  wavelengths  usad  in  LOWTRAN.  Typical  results  are  shown  in  Figuras  1  and  2. 

The  inaccuracies  of  this  modsl  ars  comparable  to  the  interpolation  inaccuracies 
of  ths  Navy  aarosol  model.  To  obtain  an  improved  accuracies  the  K  constants  should  ba 
replaced  by  variables  which  vary  with  tha  dielectric  constant  of  the  aerosols  which 
change  with  RH.  The  added  complexity  was  not  judged  worthwhile  in  view  of  tha  other 
inaccuracies  inherent  to  tha  assumed  sixe  distribution  model. 

While  this  new  approach  allows  ths  determination  ths  extinction  at  high  relative 
humidities,  ths  accuracy  of  tha  measured  values  is  critical  and  cannot  be  railed  upon 
because  of  tha  small  difference  between  tha  air  temperature  and  tha  dew-point 
temperature  and  any  small  local  air  heating  will  give  an  RH  error  Which  will  be 
magnified  for  RH  values  near  100%  because  ths  F  function  has  a  pole  at  this  value. 
Furthermore  the  mean  aerosol  sixe  varies  as  indicated  by  the  ritxgerald  expression  only 
in  a  system  which  is  In  equilibrium.  For  a  natural  environment  with  substantial  air 
movement  and  a  finite  growth  rate  of  the  aerosol  with  increased  RH,  the-  value  of  rela¬ 
tive  humidity  which  should  be  used  is  some  sort  of  average  value  over  both  space  and 
tiaa.  Therefore  for  very  high  valued  of  RH,  some  interpretation  of  the  meteorological 
data  is  required.  The  same  also  applies  to  the  determination  of  the  Air  Mass  parameter 
and  to  that  of  tha  average  wind.  The  method  used  in  the  Navy  aerosol  model  to  adjust 
ths  extinction  to  the  observed  visibility  can  lead  to  substantial  srrors  in  the  estima¬ 
tion  of  the  IR  extinction.  If  tha  AH  value  used  in  the  modeling  is  too  small,  changing 
equally  the  extinction  from  all  types  of  aerosols  in  the  visible  will  result  in  an 


excessive  change  at  the  IR  wavelengths  because  tha  small  background  aerosols  hava  a  ouch 
larger  af fact  in  tha  visible  than  at  tha  long  wavelengths  while  tha  wind-raised  aerosols 
hava  a  such  mors  significant  inpact  on  tha  IR  extinctions  as  can  be  seen  from  Figures  1 
and  2.  These  considerations  have  led  us  to  the  development  of  an  "Interpreter"  model 
which  will  now  be  described. 

4.  METEOROLOGICAL  DATA  INTERPRETER 

The  basic  concept  of  the  interpreter  is  to  use  the  visibility  (however  inaccurate 
it  may  1m)  to  test  the  validity  of  the  parameters  used  to  calculate  the  extinction. 
Initially  the  Air  Maas  parameter  is  assumed  to  be  low  (AM  «  2).  tha  precipitation  rata 
is  taken  near  tha  upper  limit  of  the  reported  range ,  the  average  wind  is  taken  as  equal 
to  tha  reported  current  wind  and  finally  if  the  RH  value  exceeds  98%,  this  exceedance  is 
noted  and  the  value  dacreased  to  982  as  this  is  within  the  range  of  errors  possible. 
Tha  extinction  due  to  tha  precipitation,  which  ie  considered  independent  of  wavelength, 
it.  calculated  aa  in  LONTRAN  6  end  is  given  byi 

#„  -  0.365(rr)«*3  (km"1)  (10) 

Where  rr  is  the  precipitation  rata  in  nx/h.  This  sxtinction  is  addsd  to  the  aerosol 
extinction  before  calculating  the  ratio  of  the  calculated  to  the  observed  visibility. 
This  ratio  is  different  from  the  C  ratio  used  in  the  Navy  aerosol  model  because  it 
includes  the  effects  of  precipitations  on  ths  visibility,  and  to  distinguish  it  clearly, 
it  will  be  called  FI.  Figure  3  gives  the  logic  diagram  of  the  interpreter. 

The  modeling  is  based  on  the  fact  that  all  tha  variables  which  can  be  in  error 
all  operate  in  the  seme  manner.  An  increase  in  any  of  the  parameters  AM,  RH,  wind  or 
precipitation  rate  will  lead  to  an  increase  of  the  extinction  in  the  visible  and  hence 
decrease  FI.  If  the  FI  ratio  is  olose  to  unity,  (i.e.  2/<Fl<3/2),  errors  in  the  various 
parameters  ers  equally  probable  except  RH  if  it  is  not  too  high,  and  the  number  of  each 
type  of  aerosol  is  multiplied  by  FI  to  adjust  ths  visible  extinction  to  the  observed 
visibility  as  in  the  Navy  aerosol  model.  The  effective  valuea  of  the  parameters  are 
than  evaluated  for  further  analysis. 

If  FI  is  greater  than  3/2,  either  the  AM  or  the  RH  paramoter  is  too  low  (wind  and 
precipitation  extinctions  are  unlikely  to  be  significantly  too  low  because  of  the  high 
value  selection  of  rr  and  tha  accuracy  of  wind  measurements) .  If  the  reported  RH  ie 
greater  than  98%,  it  ie  the  moat  likely  cause  of  the  high  value  of  FI.  In  that  case  the 
value  of  Am  is  eat  to  4  to  run  a  new  evaluation  of  FI  and  i:J  it  is  still  greater  than 
3/2,  tha  value  of  F  is  increased  In  10%  increments  until  tha  value  of  FI  drops  below  1. 
Then  the  calculated  RH  in  determined  from  the  final  F  value  by  the  inversion  of 
expreseion  (5).  A  final  adjustment  to  the  observed  visibility  is  performed  before 
determining  the  effective  value  of  all  the  parameters  and  calculating  tha  extinction  at 
other  wavelengths.  When  the  reported  value  of  RH  is  less  than  98%,  then  the  influence 
of  small  RH  errors  is  generally  not  important  and  the  Air  Maas  parameter  ie  most  likely 
to  be  too  low.  Then  the  value  or  the  Kx  ie  stepped  up  in  10%  increments  until  FI  drops 
below  1.  The  final  adjustments  are  performed  as  in  the  previous  cans. 

If  the  FI  parameter  is  below  the  value  of  2/3,  it  is  unlikely  that  AM  is  too  high 
as  the  initial  default  value  was  taken  to  ba  quite  small.  A  reduction  of  the  RH  value 
would  not  be  significant  within  the  possible  margin  of  error  of  ths  measurements  except 
when  the  reported  value  is  very  close  to  100%  and  these  cases  are  already  covered  by  the 
automatic  decrease  to  98%  which  occurs  before  the  first  evaluation  of  FI.  Therefore, 
the  most  likely  causes  would  be  an  excassiva  value  or  precipitation  or  of  wind.  The 
moat  probable  source  of  error  is  the  excessive  precipitation  rats  inferred  from  the 
weather  reports.  However,  a  number  of  low  FI  cases  wars  found  when  there  was  no 
precipitation.  A  second  teat  is  required  to  determine  if  the  excessive  calculated 
extinction  could  be  due  to  an  excessive  wind  estimate  and  FI  is  calculated  again  but 
taking  rr  -  0  such  that  if  this  new  value  of  FI  is  still  below  1,  ths  average  wind  is 
decreased  until  FI  becomes  equal  to  1  and  ths  rain  rate  effective  is  then  assumed  to  be 
xero.  If  this  second  value  of  FI  is  greater  than  1,  then  ths  average  wind  is  kept  equal 
to  the  current  wind  and  tha  precipitation  rate  is  adjusted  by  a  stepping  iteration 
decreasing  the  rain  rate  in  10%  increments  until  FI  increasee  to  a  value  greater 


The  interpreter  logic  is  not  absolutely  perfect  at  it  is  limited  to  varying  only 
one  parameter  at  a  time  and  tha  reliance  on  the  visibility  (which  is  not  the  most 
precisely  measured  parameter)  is  a  source  of  uncertainty.  In  ths  cases  of  showers,  it 
is  well  known  that  tha  visibility  will  vary  depending  on  ths  direction  of  the 
observation  and  it  ie  suspected  that  tha  reported  values  corresponds  to  directions  where 
there  is  no  precipitation.  This  explains  Why  the  calculated  effective  precipitation 
rates  are  sometimes  very  small.  In  complete  performance  evaluations,  the  spatial 
profile  of  the  precipitation  should  be  included  in  the  extinction  as  a  function  of 
direction  assuming  that  the  values  given  by  tha  interpreter  apply  in  the  directions  of 
least  precipitation.  In  spite  of  these  restrictions,  ths  merits  of  the  Interpreter  have 
been  tested  on  n  large  number  of  weather  scenarios  and  the  results  summarised  below. 

S.  APPLICATIONS  OF  THE  INTERPRETER  MODEL 

As  Indicated  earlier,  a  number  of  "typical"  weat!  ir  reports  have  been  selected  to 
represent  the  various  weather  conditions  normally  encountered  ir  four  separate  regions 
of  the  North  Atlantic.  To  evaluate  the  performance  of  the  interpreter  model,  two 


16-4 


extreme  region#  wars  ■•lac ted,  the  Canlant  region  covering  from  the  Eaet  coeat  of  Canada 
to  the  middle  of  the  Atlantic,  and  the  Waatlsnt  region  covering  from  the  Beat  coaat  of 
the  U.S.  to  tha  Canary  Ialanda  approximately.  The  calculated  effective  air  maaa 
parameter  valuaa  for  the  80  weather  acenarioa  for  the  Weatlant  region,  are  illuatrated 
in  Fig.  4  while  tfcoae  for  the  72  acenarioa  for  the  Canlant  region  are  given  in  Fig.  5. 

The  moat  striking  characteristics  of  theae  reaulta  ia  that  large  valuea  of  the  AM 
parameter  are  obtained  for  the  Gulf  Stream  sub-region  of  Weatlant  and,  to  a  leaser 
extent,  for  the  North  American  Basin  sub-region  of  Canlant.  The  weather  station  of  tha 
first  sub-region  ia  Cape  Hatteras  which  ia  essentially  on  tha  shore  of  the  U.S. 
continent  and  it  is  normal  to  expect  that  the  air  maaa  will  exhibit  continental  rather 
than  oceanic  properties.  The  North  American  Basin  eub-region  results  are  obtained  from 
the  Sable  Island  weather  station  Which,  although  it  ia  more  remote  from  the  North 
American  continent,  is  also  expected  to  display  more  frequently  typically  continental 
air  maaa  properties.  For  tha  other  weather  stations  which  ara  all  weather  ships,  except 
for  the  Canary  Basin  station  of  Lajss,  the  air  maaa  parameter  veluee  as  estimated  by  the 
interpreter  is  often  near  2  which  is  comparable  with  the  default  valua  of  3  which  ia 
used  for  LOWTRAN.  Values  of  the  order  of  6  are  however  frequently  estimated  in 
conditions  Where  the  visibility  is  rsducad  Which  are  precisely  the  conditions  of 
interest  in  performance  assessment  and  where  the  higher  AM  values  lead  to  a  reduced 
estimation  of  tha  1R  extinctions. 

Another  parameter  behavior  of  interest  is  tha  estimation  of  the  average  wind 
velocity  as  a  function  of  the  reported  wind.  Figures  6  and  7  show  the  behavior  of  the 
estimated  average  wind  aa  a  function  of  the  reported  current  wind  as  calculated  by  the 
interpreter  (dark  points)  and  the  LOWTRAN  6  (light  points)  model,  for  the  two  regions. 
It  can  be  seen  that  in  general  the  interpreter  results  give  avsraga  winds  closer  to  tha 
current  wind  than  tha  LOWTRAN  modal.  This  is  particularly  important  for  the  low  currant 
wind  conditions  where  the  LOWTRAN  high  values  would  seriously  impact  the  IR  extinction 
estimations. 

Tha  most  important  point  for  performance  evaluations  is  the  behavior  of  the 
extinction  in  the  IR  wavebands.  Two  wavelengths,  3.75  uni  and  10.6  um,  wars  used  for 
comparison  purposes.  For  the  3.75  um  wavelength,  the  comparison  between  the  LOWTRAN  and 
the  interpreter  results  is  illuatrated  in  Fig.  8  and  Fig.  9  for  the  Central  Atlantic 
(deep  ocean)  sub-region  and  tlia  Gulf  Stream  sub-region  (nearly  continental)  sub-region 
respectively.  Both  exhibit  the  LOWTRAN  tendency  to  overestimate  the  IR  extinction  which 
ia  moat  significant  in  the  Cape  Hatteras  raaulta  because  of  the  higher  values  of  tha  Air 
Mass  parameter  in  this  case.  Another  point  of  interest  is  that  in  thasa  raaulta,  all 
tha  points  above  the  0.1  kra-1  value  in  the  LOWTRAN  extinction  estimates  correspond  to 
precipitation  situations.  The  (substantially  smaller  values  obtained  with  the 
interpreter  ara  generally  due  to  an  estimated  reduction  of  the  precipitation  rate  Which 
is  required  for  compatibility  with  visibility.  This  is  most  important  in  tha  estimation 
of  the  probability  of  experiencing  large  extinction  due  to  precipitations - 

Similar  results  ara  obtained  for  the  longer  wavelengths  as  indicated  in  Fig.  10 
Where  a  significant,  although  less  important,  reduction  of  the  estimated  extinction  is 
shown  by  the  interpreter  model  compared  to  the  LOWTRAN  results.  However,  the  impact  of 
these  results  on  system  performance  evaluation  is  less  significant  for  this  wavelength 
because  once  the  larger  molecular  extinction  is  added,  the  effects  of  the  aerosol  is 
muah  lass  significant  on  the  total  extinction  except  in  the  case  of  precipitations. 

C.  CONCLUSIONS 

Using  the  same  physical  aerosol  extinction  modal  aa  that  used  in  the  Navy  aerosol 
model  of  LOWTRAN  6,  a  meteorological  date  interpreter  code  has  been  developed  to 
estimate  the  densities  of  various  types  of  aerosol*  from  the  available  meteorological 
records  Which  contain  no  Indication  of  tha  Air  Mass  parameter.  The  method  for 
determining  the  affects  of  tha  relative  humidity  on  the  extinction  has  also  been 
modified  in  order  to  be  able  to  cover  vary  high  relative  humidities  and  accompanying 
very  low  vieibilities  Which  ara  cases  that  the  LOWTRAN  6  model  cannot  cover.  The 
expected  rungs  of  validity  of  this  modal  i*  from  50  to  loot  relative  humidities  and  for 
visibilities  greater  than  200  m.  For  lower  valuaa  of  RH  and  visibilities  the  model  is 
expected  to  produce  IR  extinction  values  which  ara  lower  than  true.  Using  this  model  on 
a  large  number  of  weather  reports  haa  produced  results  which  are  consistent  with 
phyaiaal  interpretations  and  in  ganaral  the  IR  extinctions  ara  lower  than  those  obtained 
with  t£WTRAN,  which  can  have  a  significant  affect  on  the  performance  evaluation  of  IR 
systems  at  sea,  especially  in  adverse  weather  conditions. 
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Fig.  1.  Model  match  at  0.55  um.  Fig.  2.  Model  match  at  10.59  jjm. 


Fig,  3.  Weather  report  interpretation  logic. 
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3.  Comparison  of  3.75  ym  extinctions  for  Central  Atlantic  sub-region 
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Fig.  9.  Comparison  of  3.75  ym  extinctions  for  Cape  Hatteras  station. 


Fig.  10.  Comparison  <5f  10.59  ym  extinctions  for  Cape  Hatteras  station 
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DISCUSSION 

I.  8  HITT  LI 

Art  th«  visibility  data  baaed  on  observer  reports  or  instrumental  measurements  (such  as 
a  point  visibility  meter)?  Given  observer  reports  are  notoriously  poor,  especially  for 
open  ocean  with  no  landmarks,  it  is  probably  better  to  also  consider  the  typical  meas¬ 
urement  errors  for  the  other  measurements,  and  try  not  to  adjust  the  relative  humidity 
and  wind  speed  much  beyond  the  expected  error  bars  for  those  measurements  to  force 
agreement  with  the  observed  visibility. 

AUTHOR' 8  RRPLY 

The  only  available  data  are  meteorological  observer  reports  from  weather  ships/stations. 
An  error  in  visibility  produces  a  much  smaller  XR  error  using  the  interpreter  than  if 
the  same  visibility  is  used  with  the  Navy  Aerosol  Model  visibility  adjustment.  This 
code  modifies  primarily  the  AM  parameter.  Relative  humidity  greater  than  981  is  the 
only  case  where  it  is  adjusted.  The  precipitation  rate  and/or  average  wind  is  modified 
when  the  observed  visibility  is  greater  than  the  calculated  one.  A  501  error  in  esti¬ 
mated  visibility  has  a  much  smaller  effect  on  XR  extinction  than  a  change  of  the  AM 
parameter  by  a  factor  of  2 . 

1.  SHITTLI  (CO KM! NT) 

X  think  the  501  error  you  used  for  the  visiblity  is  optimistic. 
iJ.  BILBY 

I  agree  with  Dr.  Shettle  that  visibility  is  one  of  the  most  difficult  parameters  to 
estimate  on  a  ship  (unless  it  is  measured  independently  by  an  optiaal  instrument) . 
However,  wind  speed,  temperature,  and  relative  humidity  are  accurately  measured.  Would 
it  not  be  better  to  put  more  weight  on  these  parameters  rather  than  visibility? 

AUTHOR'S  KIPLY 

Wind  speed,  reletive  humidity  cannot  give  any  alue  on  the  value  of  the  AM  paramotor. 
Average  wind  speed  is  also  very  difficult  to  measure  as  the  data  recording  is  only  2 
points  pnr  day.  Measuremsnt  uncertainties  for  relative  humiditiee  in  the  9B  -  100% 
range  may  have  a  very  large  effect. 
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SUMMARY 

The  Naval  Oceania  Vertical  Aerosol  Modal  (NOV AM)  has  been  formulated  to  estimate  the 
vertical  structure  of  the  optical  and  infrared  extinction  coefficients  in  the  marine 
atmospheric  boundary  layer  (MABL) .  NOVAM  was  designed  to  predict  the  non-uniform  and 
non-logarithmic  extinction  profiles  which  are  often  observed.  It  is  based  on  a 
combination  of  empirical  and  physical  models  which  describe  the  aerosol  dynamical 
behaviour.  The  extinction  properties  are  calculated  from  the  aerosol  profiles  using  Mie 
theory.  For  the  initial  evaluation  of  NOVAM,  data  from  the  July  1987  FIRE  experiment 
(conducted  off  the  coast  of  southern  California)  was  used.  Aerosol  particle  size 
distributions,  aerosol  scattering  and  required  meteorological  parameters  throughout  the 
MABL  were  obtained  from  both  airborne  and  surface  based  platforms  (aircraft,  chip  and 
balloon  instrumentation  packages) .  The  aerosol-derived  extinction  properties  throughout 
the  MABL  ere  compared  with  the  NOVAM  estimates. 


X.  INTRODUCTION 

NOVAM,  the  Naval  Oceanic  Vertical  Aerosol  Modal,1'2'3  is  being  formulated  to  estimate 
ths  vortical  structure  of  the  extinction  coefficients  in  the  marine  atmospheric  boundary 
layer  (MABL)  for  wavelengths  between  0.2  and  40  pm.  Its  development  is  baaed  on  a 

combination  of  empirical  and  physical  models4 < s' 6' 7  which  describe  the  aerosol  dynamical 
behavior.  The  input  to  the  empirical-dynamical  model  to  calculate  the  profiles  of  the 
optical  and  infrared  (IR)  extinction  coefficients  is  a  given  set  of  atmospheric 
parameters . 1 • 2 ' 3 


NOVAM  was  designed  to  describo  the  non-uniform  but  also  non-logarithmic  extinction 
profiles  which  are  observed  to  exist  throughout  ths  MABL.  It  is  mainly  based  on  physical 
models  for  the  processes  that  detsrmins  the  aerosol  vertical  structure.  The  model  is 
restricted  to  the  marine  atmosphere,  hence  the  designation  "Oceanic"  in  its  title.  The 
differences  between  this  model  and  land-based  models  are  the  marine  type  of  scaling  usod 
for  the  turbulent  controlled  processes  near  the  sea  surface,  and  the  determination  of 
the  surface  concentrations  with  the  Navy  Aerosol  Model  (NAM).  The  structure  is  a 
function  of  turbulent  controlled  prooesaes  and  of  particle  growth  due  to  height  varying 
relative  humidities.  The  turbulent  processes  produce,  deposit  and  mix  the  aerosol  and 
also  determine  the  depth  of  the  mixed  layer  itself. 

NOVAM  is  a  combination  of  models  developed  at  the  authors'  institutes,4'5'6'7  which 
were  merged  by  Gathaan.3  In  this  paper  tha  model  is  briefly  summarized.  A  complete 
description  of  the  model  has  been  presented  elsewhere.  ' 2 ' 3  The  NOVAM  flow  chart  is 
shown  In  Figure  1.  The  kernel  for  NOVAM  is  NAM4  which  has  been  extensively  updated  from 
the  original.  NAM  produces  a  particle  size  distribution  at  a  height  of  10  m  above  the 
surface  from  the  input  data  of  wind  speed  (both  current  and  the  24-hour  average) , 
visibility  and  relative  humidity.  This  NAM-genarated  surface-layer  particle  size  , 

distribution  is  mixed  throughout  the  MABL  by  turbulent-controlled  processes,  furthsr 
modified  by  relative-humidity  effects.  The  physics  describing  thesa  processes  are 
determined  by  ths  MABL  vertical  structure.  Various  models  describing  the  atmospheric 
vertical  structure  are  included  in  NOVAM,  such  as  a  simple  mixed-layer  model6  ami  a 
shallow  convection  case.  Provision  has  beei  ade  to  inoluda  other  models  such  as  for 
deep  convection.  Tha  selection  of  the  model  ie  based  on  the  input  parameters  describing 
ths  vertiaal  stratification  (thermal  stability,  tha  presence  of  an  inversion  and  the  , 

inversion  height),  cloud  cover,  cloud  type,  wind  speed,  and  the  requested  wavelength  for 
the  extinction  calculation.  I 

i 

NOVAM  will  perform  best  when  all  of  the  above  parameters,  and  those  listed  in  section  f 

2.1,  are  available.  Thus  the  input  files  need  to  contain  surface  observations  and  tha  i< 

MABL  vertical  structure.  The  latter  information  aan  be  obtained  from  a  rawinsonde  < 

observation.  If  the  information  on  tha  vertiaal  structure  is  nnt  available  a  default  | 

relative  humidity  profile,  based  on  tha  surface  observations,  t.s  generated.  This  1 
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Figure  1.  NOVAM  flow  chart 
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default  profile  le  also  used  when  the  required  Input  parameters  do  not  satisfy  the 
presently  supported  models  (mixed-layer,  shallow  convection  or  stratus).  The  stratus 
model  is  an  empirical  model  that  applies  only  to  the  marine  stratus  clouds  for  wind 
speeds  less  than  5  m/s  and  a  desired  extinction  calculation  for  wavelengths  between  1 
and  11  pm. 


A  preliminary  NOVAM-estimated  profile  comparison  with  one  set  of  experimental  data 
yielded  favourable  results.  This  paper  presents  a  more  comprehensive  initial  evaluation 
of  NOVAM  utilizing  an  extended  aerosol  and  extinction  data  base  obtained  during  the 
project  FIRE  (First  ISCCP  Regional  Expsriment) ,  see  section  2.  Results  are  compared 
with  NOVAM  predictions  in  section  3.  Conclusions  follow  in  section  4. 


2.  TUI  HRE/EOMET  1XPERIMBNTS 


2.1  APPROACH  TO  IVALUATION  OP  NOVAM 

During  June  and  July,  1987,  the  Marine  Stratooumulus  Intensive  Field  Observation 
Experiment  of  FIRE  was  conducted  in  the  Southern  Californian  offshore  area.  FIRE  ie  a 
cloud  research  program  to  validate/update  the  ISCCP  (International  Satellite  Cloud 
Climatology  Project)  data  hasp  and  cloud  radiation  parameterizations  used  in  the  general 
circulation  models.  Coordinated  surface,  aircraft,  and  satellite  observations  of  marine 
stratooumulus  clouds  within  and  just  abevs  the  marina  boundary  layer  were  made  by  a 
myriad  of  participants.  A  general  overview  of  the  FIRE  project  and  the  participants 
involved  are  outlined  in  reference  9.  The  Navy's  EOMET  (Electro-Optics  METeorology 
program)  participation  in  FIRE  was  both  to  ba  supportive  of  FIRE  end  to  build  a  quality 
data  base  from  which  NOVAM  could  ba  evaluated. 

The  meteorological  parameters  required  for  the  NOVAM  evaluation  are  the  mean  surface- 
layer  wind,  temperature,  humidity,  aerosol  sizs  distributions,  and  visibility.  Radon 
count  or  air  mass  parameter  (AMP) ,  the  boundary  layer  profiles  of  temperature,  humidity 
and  either  aerosol  sizs  distributions  or  optical/IR  extinctions.  Measursmsnts  were  made 
from  both  airborne  and  surface  based  platforms  (aircraft,  ship,  and  balloon 
instrumsntation  packages) .  Rawinsonds  launchss  ware  made  from  the  ship. 


2.2  HIA8UKIMENTB 

Measurements  were  made  from  several  platforms  at  different  geographic  locations 
during  FIRE  to  characterize  the  stratocumulus  topped  KABL  over  spatial  distances 
appropriate  for  satellite  imagery  (10  to  100  km) .  This  seals  corresponds  to  the  meso- 
scalo  which  is  inherently  three  dimensional  and  has  important  temporal  variations  at 
intervals  of  hours.  The  measurements  from  San  Nicolas  Island  (ONI) ,  from  aircraft  and 
from  the  H/V  Point  Sui'  were  designed  to  characterize  meso-scale  features.  The 
measurements  from  the  different  platforms  and  locations  were  coordinated  within 
intensive  periods  to  describe  the  three  dimensional  nature  of  suoh  features. 

SNI  iu  situated  102  km  uoutb-southweut  of  Point  Mugu,  California.  The  island  is  14.5 
km  long  and  5  km  wide.  It  is  an  ideal  location  to  make  oceanic  measurements. 


2.2.1  R/V  POINT  BUR  MEASUREMENTS 

The  R/V  Point  Sur,  operated  for  the  National  Science  Foundation  by  the  California 
State  University  system  for  the  Naval  Postgraduate  school  (NFS),  was  an  important 
platform  bscause  of  its  over  water  location  and  continuous  (24  hour/day)  measurement 
schedule  for  the  period  7-16  July.  The  R/V  Point  Sur  was  generally  located  30-40  km 
upwind  (Northwest)  of  San  Nicolas  Island. 

Ssveral  mataorological  measurement  systems  wsrs  on  board  the  R/V  Point  Sur  to 
characterize  surface  layer  stability  and  aerosol  properties,  and  thw  mixed  layer  depth 
and  turbulence .  The  quantities  measured  and  the  sensors  are  listed  in  Table  1. 


2.2.2  AIRCRAFT  MEASUREMENTS 

The  Naval  Ocean  Systems  center  (NOSC)  airborne  platform  was  utilized  to  characterize 
the  low  level  structure  of  the  marine  boundary  layer.  Flights  were  made  in  the  vioinity 
of  SNI  and  ware  coordinated  with  the  R/V  Point  Sur,  and  the  Naval  Research  Laboratories 
(NRL)  Tethered  Eelloon  Facility  at  SNI.  NOSC  evaluated  one  flight  during  the  low  stratus 
conditions  on  IB  July,  and  one  during  the  clear  sky  conditions  on  19  July.  The  former 
was  the  only  flight  when  the  R/V  Point  Sur  was  on  station.  The  prescribed  flight  pattern 

for  the  NOSC  aircraft  consisted  of  spiral  profiles  taken  near  the  NRL  ground  facility  at  i 

SNI  and  upwind  of  SNI  near  the  R/V  Point  Sur.  Meteorological  parameters  recorded  by  the 
NOSC  aircraft  arm  shown  in  Table  1.  Spiral  climb  rates  wars  at  152  meters/rainuts . 

Meteorological  data  were  recorded  every  5  seconds  and  aerosol  data  every  4  to  8  seconds 
(depending  on  meteorological  conditions) .  Each  flight  was  scheduled  to  occur 
simultaneously  with  the  NOAA-9  satellite  overpass. 
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TAm*  i.  n«t« oroio«ic«i  amtmim -frr  tht  ISSBX  grwp  durlat  fUt. 


Bmimmiii 


Instrument 


PreauencT 


I.  WPS :  R/V  Point  Sur 


Mean  Surface  Lever: 

Radiation(*hort , total) 

radiometers 

continuous 

Vector  wind 

Temperatures : 

propeller/vane 

continuous 

Air 

resistance  therm. 

continuous 

Dew  point 

cooled  mirror 

continuous 

Sea  surface 

floating  thermistor 

continuous 

Waves 

Turbulence 

bridge  observation 

1  per  hour 

Wind 

hot-film  anemometer 

continuous 

Humidity 

Aerosol  and  Radon 

Lyman- alpha  Sensor 

continuous 

.08  to  1.5  /m  radius 

PUS  ASASP 

continuous 

0.5  to  12  fta  radius 

PHS  CSASP 

continuous 

Radon  concentration 

HV  filter 

1  per  hour 

Mixed  Laver  and  above: 

Vector  wind 

rawinsonde 

b  per  clay 

Temperature 

rawinsonde 

6  per  day 

Humidity 

rawinsonde 

6  per  day 

Inversion  height 

rawlnsonde/sodar 

6  per  day/ 

and  strength 

continuous 

Turbulence 

sodar 

continuous 

Air  temperature 

dry  bulb  thermometer 

5  Hz 

Relative  humidity 

dry/wet  bulb  psychrometer 

5  Hz 

saturation  hygrometer 

5  Hz 

Liq.  water  cone. 

forward  scatt.  meter 

5  Hz 

Wind  vector 

bivane  anemometer/ 
inclinometers/compasses 

5  Hz 

Visual  scattering 

nephelometer 

1  Hz 

Altitude 

altimeter 

1  Hz 

Aerosol,  0.5-16  jim  radius 

PKS  CSASP 

1  Hz 

Videorecordings 

11.  HOSC  AIRBORNE  PLATFORM 

video  recorder 

continuous 

Temperatures : 

Air 

Rosemont 

continuous 

Dew  point 

EG&G  cooled  mirror 

continuous 

Sea  surface 

Barnes  IR 

continuous 

Cloud  top 

Barnes  IR 

continuous 

Aerosol,  0.25-15  jim  radius 

PMS  ASSP 

continuous 

15-150  jim  radius 

PMS  0AP 

continuous 

Altitude 

Rosemont 

continuous 

2.2.3  TETHERED  BALLOON  MEASUREMENTS 

The  NRL  balloon  facility10  was  located  at  the  northwest  tip  cf  "NI  approximately  15  m 
above  sea  level.  The  NRL  aerostat  system  consisted  of  a  538  nr  balloon,  with  a  lifting 
capacity  of  227  kg  and  a  flat  bed  trailer  which  serves  as  a  "mobile"  mooring  system.  The 
instrument  package  hangs  35  meters  below  the  balloon  and  the  power  source  tc  eliminate 
exhaust  contamination  near  the  sensitive  aerosol  sensing  devices.  The  platform  is 
aligned  with  the  wind  by  an  aerodynamic  mechanism.  The  instruments,  listed  in  Table  1, 
were  co-located  on  that  platform  to  obtain  the  extinction  in  three  independent  ways. 
First,  profiles  of  temperature  and  humidity  were  recorded  for  input  to  NOVAM 
calculations.  Secondly,  the  aerosol  size  distributions  were  measured  with  an  optical 
particle  counter  and  extinction  coefficients  were  calculated  using  Mie  theory.  Finally, 
a  direct  measurement  of  extinction  (molecular  and  aerosol)  was  made  at  one  wavelength  by 
means  of  a  spherical  nephelometer. 


3.  EVALUATION 

It  is  important  to  test  NOVAM  under  real  scenarios  so  that  the  applicability  and 
accuracy  of  the  model  can  be  assessed.  There  is  no  better  way  of  discovering  model 
deficiencies,  including  software  errors,  than  to  actually  exercise  the  model  under  a 
variety  of  natural  input  conditions.  Weaknesses  in  the  physical  models  can  be  determined 
by  comparing  the  model  estimates  of  extinction  to  measurements.  In  this  way  the 
adequateness  of  the  model  can  be  determined  and  the  assumptions/default  specifications 
can  be  assessed.  The  chosen  approach  to  evaluate  NOVAM  is  to  compare  the  independently 
obtained  experimental  optical/IR  extinction  profiles  with  NOVAM  estimates  using  only  the 
simultaneously  measured  meteorological  parameters. 
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In  making  such  a  comparison,  one  must  consider  the  measurement  accuracy  of  the  input 
meteorological  parameters  required  by  NOVAM  and  the  accuracy  of  the  independently 
obtained  optical/IR  extinction  data.  Both  of  these  are  subject  to  instrumentation 
accuracies  and  errors  introduced  by  statistical  sampling  of  time  and  spaciously  varying 
fields.  Although  all  precautions  were  taken  to  eliminate  measurement  and  sampling 
errors,  these  types  of  errors  still  exist  and  must  be  considered  when  comparing  data 
from  different  instruments.  Tnerefore,  in  this  evaluation,  data  envelopes  were  defined 
to  show  the  most  probable  range  of  the  extinction  profiles. 

Because  of  the  significance  of  the  meteorology  to  NOVAM,  a  description  of  the 
synoptic  situation  around  SN1  is  given  first.  The  R/V  Point  sur  measurements  are  used 
for  comparison  with  the  NAM.  The  simultaneous  NOSC  airborne  and  NRL  Aerostat  profile 
measurements  provide  the  basis  for  the  extinction  comparisons  with  NOVAM.1"3  Both 
stratus  and  clear-sky  conditions  are  considered.  Finally,  a  qualitative  summary  of  the 
initial  evaluation  of  NOVAM  is  presented. 


3.1  SYNOPTIC  SITUATION  AND  SURFACE  MEASUREMENTS  ON  THE  R/V  POINT  BUR,  14-16  JULY 

The  meteorological  synoptic  3cale  situation  during  the  14-16  July  period  was 
controlled  by  two  pressure  systems,  1  Figure  2.  A  stationary  1032-1036  mb  closed  surface 
high  pressure  system  was  located  west  of  Washington  State  and  British  Columbia,  Canada. 

A  well-defined  thermal  low  was  located  over  Southern  California.  These  two  systems 
caused  west  to  northwest  winds  in  the  vicinity  of  SNI  due  to  the  outflow  from  the  high 
located  to  the  northwest. 

The  time  series  of  surface  layer  parameters  and  representative  rawinsondo  profiles 
obtained  from  the  V/V  Point  Sur  for  14-16  July  are  presented  in  Figures  3  and  4. 

Featuras  of  interest  in  the  3-day  time  series,  Figure  3,  are  the  steadily  decreasing 
wind  speeds  and  the  diurnal  variation  of  both  the  wind  speed  and  direction.  Steadily 
decreasing  wind  speeds  are  important  to  the  production  of  marine  aerosols.  The  diurnal 
variations  in  the  MABL  parameters  due  to  the  vicinity  of  the  US  Mainland,  could  imply  a 
local  circulation  influenced  by  the  land-eea  proximity.  Thus  continental  aerosol  can  be 
carried  to  the  area,  which  influences  the  extinction. 

The  steady  decrease  in  wind  speed  was  associated  with  the  thermal  low  which  was 
moving  northeast  (more  inland)  from  the  Baja  of  California  on  14  July  to  the  California- 
Nevada  border  on  16  July  (Figures  2a  through  f ) .  The  eastern  Pacific  surface  high 
pressure  systems  remained  nearly  stationary  during  this  period.  The  variations  in  wind 
speed  and  direction,  during  the  24-hour  periods,  were  concluded  to  be  due  to  the 
intensification  of  the  thermal  low,  east  of  the  area,  during  the  local  afternoon  (1200 
PDT  is  1900  UT  in  Figures  2  and  3) . 

Evidence  that  there  was  a  land-sea  influence  associated  with  the  diurnal  variation 
appears  in  the  diurnal  variation  of  the  Radon  concentration.  Whether  the  Radon  was 
advected  horizontally  or  arrived  in  the  mixed  layer  due  to  entrainment  iB  unknown.  The 
increase  in  temperature  and  decrease  in  humidity  on  the  diurnal  scale  could  be 
associated  With  entrainment  of  warm  dry  air  from  above  the  inversion.  The  entrainment  of 
overlying  air  with  continental  aerosol  is  as  important  to  NOVAM' s  performance  as  the 
horizontal  advection  of  continental  air. 

The  continental  influence  is  obvious  in  the  afternoon  of  15  July.  The  increased  Radon 
concentrations,  a  clear  indication  of  continental  influences,  are  followed  by  an 
increase  in  the  extinction  coefficients.  The  increase  in  the  extinction  coefficients  is 
observed  at  all  wavelengths  from  the  visible  to  the  far  IR. 

The  vertical  structure  of  the  MABL  is  of  crucial  importance  to  the  evaluation  of 
NOVAM.  The  R/V  Point  Sur  obtained  this  information  from  the  rawinsonde  launches. 

Profiles  for  14,  15  and  16  July,  around  2200-2300  UT,  are  shown  in  Figure  4.  They 
exhibit  differences  as  well  as  similarities.  The  differences  are  only  in  the  depth  of 
the  mixed  layer,  which  increases  from  the  14th  to  the  16th.  The  similarities  are  in  the 
cloud  cover,  in  the  gradients  within  the  mixed  layer  and  in  the  features  at  the 
inversion. 

Because  of  the  importance  to  the  stratus  case  presented  in  section  3.3.2,  features  in 
the  rawinsonde  profile  for  15  July,  2253  UT,  Figure  4b,  are  discussed.  A  stratus  deck 
existed  between  250  m  and  650  m.  Gradients  are  observed  in  the  potential  temperature  and 
specific  humidity  throughout  the  boundary  layer.  This  is  not  the  case  for  the  well-mixed 
boundary  layers  observed  on  19  July  (of.  Figure  6b) .  The  large  jumps  in  the  potential 
temperature  above  the  cloud  tops  are  characteristic  for  the  area.  They  are  an  effective 
lid  on  the  boundary  layer,  preventing  strong  mixing  of  air  between  the  boundary  layer 
and  the  overlying  free  atmosphere.  Moist  layers  due  to  advection  are  observed  in  the 
upper  air.  The  vector  winds  are  seen  to  be  quite  variable  between  the  various  layers. 
Changes  in  wind  direction  of  180  degrees  over  distances  of  less  than  loo  w  are  observed. 


3.2  TIER  SERIES  OF  80RFACR  EXTINCTION 

Figures  3d  and  3e  show  the  3-day  tims  series  of  surface  extinction  coefficients  at 
1.06  ^ui  and  10.6  fia,  calculated  from  the  particle  size  distributions  measured  on  the  R/V 
Point  Sur.  The  diurnal  variation  in  the  extinction  coefficients  follows  the  diurnal 
variations  in  the  meteorological  parameters,  i.e.  wind  speed,  Radon  concentration  and 
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Figure  4.  Rawinsonde  profile*  from  the  R/V  Point  Sur  for  14,  15  and  16  July,  for  2200- 
2300  UT. 


relative  humidity.  Some  of  this  variation  is  caused  by  the  continental  aerosol  being 
advected  from  the  US  Mainland  as  seen  in  the  afternoon  of  15  July  when  the  Radon 
concentrations  peaked  to  60  pCi/nr .  In  the  far  infra-red,  the  diurnal  variation  is 
caused  in  part  by  the  variation  in  the  sea-salt  production  in  response  to  the  wind 
speed.  Overall,  a  slight  decrease  in  the  extinction  coefficients  is  observed. 


The  extinction  coefficients  obtained  from  near-simultaneous  (both  in  time  and 
geographically)  aerosol  measurements  by  the  N0SC  airborne  platform  and  the  R/V  point  Sur 
on  is  July  are  indicated.  The  airborne  data  are  for  an  altitude  of  120  m.  The  data  are 
compared  with  NOVAM  surface  predictions,  calculated  every  3  hours  from  the  observed 
meteorological  parameters.  Good  agreement  exists  between  the  measured  and  NOVAM- 
estimated  values. 


3.3  SZMULTANIOUS  AIRCRAFT  AMD  BALLOON  FLIGHTS 


3.3.1  QRNERAL  COMMENTS  ON  IVALUATZON 

Simultaneous  aircraft  and  balloon  flights  ware  considered  under  two  different 
meteorological  conditions,  stratus  and  clear  skies.  The  vertical  structures  of  the 
meteorological  and  the  optiaal/IR  properties  of  the  marine  boundary  layer  were  compared. 

The  purpose  of  having  simultaneous  flights  is  two  fold.  First,  to  see  the  variations 
between  island-based  and  upwind  measurements,  2  and  second,  to  compare  the  two 
instrumentation  packages  in  situ  for  data  validation  considering  different  system 
performance  accuracies.  This  applies  to  both  the  meteorological  instruments  and  the 
devices  used  to  determine  the  optical/XR  properties.  These  instrument  accuracies 
influence  both  the  NOVAM  estimates  and  the  data  to  which  they  are  compared. 


.1.3.2  STRATUS  CASR(  15  JULY  1917 

Evaluation  of  the  NOVAM  stratus  model  utilized  the  aircraft-  and  balloon-derived 
meteorological  profiles  and  surface-based  observations  for  the  stratus  conditions  of  15 
July  1987,  1500-1700  (POT).  A  uniform  stratus  layer  (100%  cover)  existed  at  and  upwind 
of  SNI  with  a  base  around  400  m  and  tops  at  700  m.  Winds  ware  northwesterly  at  5  m/s. 
Cloud  base  at  SNI  was  determined  at  320  a  from  the  balloon  liquid-water  measurements. 
Drizzle  was  observed  at  the  ground.  Extinction  coefficients  fluctuated  from  BO  km-1  in 
the  cloud,  to  low  values  (0.01  km'1)  above  the  cloud  layer.  The  balloon  RH  instrument 
was  pegged  at  100%  throughout  the  whole  boundary  layer.  Upwind,  however,  the  relative 
humidity  below  the  clouds  varied  in  the  vertical  between  95%  and  loot,  as  determined 
from  the  aircraft  data.  The  surface  relative  humidity  at  the  R/V  Point  Sur, 
approximately  30  NM  upwind  from  SNI,  was  92%  (Figure  3).  This  is  a  classic  case  of  a 
stratus  deck  in  which  warm  dry  conditions  existed  above  the  moist  marine  stratus  layer. 

In  Figures  5a  through  c  we  show  the  extinction  profiles  for  wavelengths  of  0.55,  1.06 
and  10.6  urn  from  all  available  sources,  including  the  NOVAM  estimates  below  the  cloud 
base.  NOVAM  presently  incorporates  two  models  for  the  stratus  condition,  the  selection 
of  which  is  determined  by  the  desired  wavelength.  For  wavelengths  less  than  1  pm  or 
greater  than  11  urn  a  mixed-layer  model  is  used  (Figure  5a) .  For  wavelengths  between  1 
and  11  f*m  the  sub-stratus  sodsl  is  ussd  (Figures  5b  end  c) .  NOVAM  does  not  support 
conditions  of  100%  relative  huaidity,  nor  does  it  support  situations  in  whioh 
precipitation  occurs.  The  NOVAM  cosparison  of  Figures  5a  through  c  utilized  the  N0SC 
aircraft  data  beoausa  the  NRL  instrumentation  at  SNI  racordad  ralative  humidities  of 
100%  end  precipitation  was  observed. 

Figure  5a  shows  tha  AMP  sensitivity  of  NOVAM  for  the  visible  wavelengths.  Nots  that 
NOVAM  salected  the  sixed-layar  model  for  these  calculations  because  the  sub-etratue 
modal  doss  not  apply  to  wavelengths  smaller  than  1  fm.  The  fluctuations  in  the 
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Pigura  9.  Stratus  oaaa  for  19  Ju.lyi 

a.  sxtlnction  prof  lias  for  0.S5  ua,  darivod  froa  tha 
balloon  (+)  and  aircraft  (o)  aaroaol  aaaauroaants,  tha 
balloon  naphaloaatar  aaaouraaants  (H)  and  aatiaatad  with 
NOVAK  for  AKP'n  of  1  and  10.  Tha  NOVAK  prof  Ua  la 
astiaahsd  utilising  tha  aixad-layar  nodal  baoauaa  tha 
■ub-atratu*  nodal  doaa  not  apply  to  wavalangtha  anallar 
than  l  ua.  Tha  curvaa  ara  furthar  axplainad  in  tha  tout. 

b.  axtinntlon  profllaa  for  l.oa  pi  wavalangth,  darivod  froa 
tha  bi>i  loon  {+)  and  airuraft  (o)  aaroaol  naaaurananta 
and  astj  «atad  with  NOVAK  (aub-atratua  aod.il)  for  ANP'a 
of  1  and  10. 

c.  as  figura  b,  but  for  10.0  pi  wavalangth. 

d.  liquid  yatar  oontant  profllaa  naaaurad  Iron  tha 
balloon1®. 

a.  aaroaol  alia  distributions  aoaaurad  at  a  laval  of  Ul  n 
froa  tha  balloon  (broksn  lino)  and  at  130  n  with  tha 
aircraft  (lino).  Tha  pronouncod  poak  in  tha  apactra  la 
duo  to  tha  growth  of  actlvatad  aaroaol to  in 
auparaaturatad  condition#  (ralativa  humidity  slightly 
liighar  than  loot). 
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extinction  coefficients  determined  from  ell  sources'  are  generally  contained  within  the 
AMP  limits.  In  the  regions  around  110  a  and  those  above  320  s,  where  the  extinction 
coefficients  era  outside  the  HOVAM  bounds,  the  aircraft -observed  relative  humidities 
approached  loot  -  a  region  where  NOVAM  is  not  applicable.  The  problem  here  is  that  the 
hygroscopic  aerosol  (like  sea  salt  droplets  in  the  KABL)  can  be  activated  when  relative 
humidities  go  slightly  oyer  100%.  The  activated  aerosols  grow  in  sise  very  fast  and 
behave  as  cloud  droplets19  and  cannot  be  described  by  equations  that  apply  to 
subsaturated  aerosol.  This  puts  them  into  the  arena  of  fog  or  cloud  physics,  and  outside 
of  the  realm  of  aerosol  modeling  -  including  the  capabilities  of  HOVAM.  Figure  Sd  shows 
the  liquid  water  concentration  profile  and  Figure  5e  the  measured  sise  distributions 
associated  with  this  aupersaturation  phenomenon. 

Figures  5b  and  c  show  the  extinction  profiles  for  15  July  for  the  sub-stratus  model. 
The  sub-stratus  model  is  not  as  sensitive  to  the  AMP  as  the  mixed-layer  model. 
Differences  between  the  measured  extinction  coefficients  and  NOVAM  estimates  are  in  the 
high-humidity  regions  just  described.  The  peak  in  the  else  distributions  shown  in  Figure 
5e  affects  the  far  IR  more  than  the  near  IP. 

The  dilemma  for  model  verification  studies  is  how  to  avoid  cases  where  activation  is 
taking  place  but  yet  test  the  model  at  relative  humidity  values  just  below  100%.  This 
dilemma  arises  because  of  the  uncertainties  in  both  measurement  accuracies  and 
horizontal  variations  of  relative  humidity.  The  activation  problem  can  be  avoided  by 
excluding  all  caaes  where  the  apparent  relative  humidity  is  greater  than  some  trigger 
value. 


3.3.3  CUM  SKY  CONDITIONS I  1*  J0LY  1M7 

on  19  July  1987  the  sky  was  clear  and  the  visibility  was  essentially  unrestricted. 

The  winds  were  northwesterly  at  6.5  m/s.  The  base  of  the  inversion  was  at  400  maters  and 
the  top  at  575  m.  For  clear  sky  conditions,  HOVAM  uses  the  mixed-layer  modal.  Figure  6a 
shows,  for  the  visible  wavelength  (0.55  urn) ,  the  NOV AM-estimated  and  aerosol  calculated 
extinction  profile.  An  excellent  agreement  between  the  NOVAM  predicted  and  aerosol 
calculated  extinction  profiles  could  be  obtained  for  an  AMP  batwaan  1  and  10.  The  curves 
shown  ars  for  an  AMP  of  2. 


Mining  Ratio 


Figure  6.  Profiles  for  clsar  air  caea  of  19  July: 

a.  sxtinction  prof lias  at  0.55  pa,  derived  from  the  aerosol  measurements  with  the 
belloon  (♦)  and  with  the  aircraft  (o) .  The  line  in  the  NOV AM-estimated  extinction 
profile  for  AMP-2,  the  broken  lines  are  for  AMP's  of  1  and  10.  The  NOVAM-estiuatad 
extinction  profile  ia  within  the  envelope  of  the  experimental  data  for  90%  of  the 
time.  Thie  profile  would  thus  be  graded  "A"  (aee  section  3.4). 

b.  potential  temperature  and  mixing  ratio  profiles. 
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3.4.  initial  validation  Bums* 

In  any  aodal  validation  study  osrtain  oritsria  have  to  bs  established  by  which  tha 
parfonunct  of  tha  aodal  can  ba  judged.  For  this  initial  NOVAM  validation  tha  critariua 
ia  how  wall  tha  aatiaatad  axtinction  profiler  ooapara  to  tha  axparinental  valuaa.  Tha 
anvalopa  of  axpariaantal  valuaa  dafina  tha  aocaptabla  liaita  for  tha  NOVAM  aatiaatad 
valuaa.  If  90%  of  all  data  points  in  tha  aatiaatad  NOVAK  profila  wars  within  this 
anvalopa,  tha  profila  was  graded  "A",  50%  was  gradad  "B".  If  90%  of  all  NOVAK -aatiaatad 
data  pointa  waa  within  twica  tha  axpariaantal  anvalopa  tha  profila  waa  gradad  HC",  50% 
within  twica  tha  axpariaantal  anvalopa  waa  gradad  "D".  Everything  outside  thaaa  liaita 
waa  gradad  "F".  For  the  visibla  wavalangtha,  tha  rasults  of  this  grading  procadura  for 
all  tha  balloon  and  aircraft  flights  during  tha  EOMET  participation  to  FIRE,  15-25  July, 
ara  shown  in  Figure  7.  In  general  a  reasonable  agreement  existed  for  this  initial 
evaluation  in  this  West-Coast  environment. 
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Figure  7.  Summary  of  initial  NOVAM  validation  for  the 
visible  wavelength. 


4.  CONCLUSIONS 

NOVAM  is  an  empirical  model  based  on  mean  meteorological  conditions  and  assumes  a 
simplified  marina  boundary  layer  structure.  Given  a  full  sat  of  meteorological  inputa1 2"3 
it  will  estimate  tha  extinction  profila#  for  tha  visible  and  XR  wavalangtha.  Baaed  on  a 
limited  data  base  tha  following  conclusions  can  ba  made: 

1.  Tha  NOVAM  estimates  for  visual  wavalangtha  fall  within  tha  experimentally  observed 
values  for  71%  of  tha  oaaas  (grades  A  and  B  in  Figure  7).  Reasonable  agreement  was 
obssrvsd  in  22%  of  the  oases  and  a  real  failure  in  only  7%  (1  case) . 

2.  NOVAM  is  not  applioabls  for  conditions  whsrs  tha  rslativs  humidity  approaches  100%. 

3.  The  NOVAM  eatimatee  ara  aanaitiva  to  tha  value  of  tha  AMP,  a  parameter  which  ia  not 
normally  measured.  Technique#  ara  baing  incorporated  which  satimat#  the  AMP  from 
other  meteorological  inputs. 

4.  Thie  initial  evaluation  does  not  include  a  study  of  tha  sensitivity  of  NOVAM  for 
oases  when  only  a  faw  of  tha  required  meteorological  input  parameters  ara  available. 
Also,  it  does  not  inoluda  the  validation  summaries  for  tha  IR  wavelength  region#. 

5.  Tha  raaulta  from  tha  initial  evaluation  of  NOVAM  are  encouraging.  However,  NOVAM  ia 
not  yet  ready  for  distribution  baoausa  tha  evaluation  for  other  wavalangtha,  and  in 
particular  tha  evaluation  of  tha  default  models,  has  not  yet  baan  completed. 

6.  For  NOVAM  to  ba  generally  applicable,  similar  evaluations  muat  ba  made  for  other 
geographical  areas  with  different  meteorological  and  oceanographic  characteristic#. 


s.  umucu 


1.  G.  da  Leeuw,  K.L.  pavidaon,  S.G.  Gathman  and  R.V.  Noonkaater,  "Physical  models  for 
aerosol  in  tha  marina  mixed-layer,"  Proa.  AGARD  electromagnetic  wave  propagation 
panel  specialists'  meeting  on  "Operational  decision  aids  for  sxploiting  or  mitigating 
slactromagnatio  propagation  effects",  Ban  niago,  CA,  USA,  15-19  May,  1939,  pp.  40-1 
to  40-8. 

2.  G.  do  Leeuw,  K.L.  Davidson,  S.G.  Gathman  and  R.V.  Noonkaater  (1989).  Modeling  of 

"«*ine  mixed-layer,  in:  Propagation  Engineering.  Proa.  BPIE,  Vol. 

11.15  (1989)  Paper  1127  (B  pp.),  in  press. 


i 


4 


i 


I 

'll’; 


J 


I' 


V 


17-11 


3.  S.G.  Gathaan,  Naval  Raaaaroh  Laboratory,  "A  preliminary  daaoriptlon  of  NOV AM,  tha 
Navy  ocaanic  Vortical  Aerosol  Modal,"  1989,  NRL  report  9200,  Washington  d.c. 

4.  s.G.  Gathaan,  "Optical  propart law  of  tha  marina  aaroaol  aa  predicted  by  tha  Navy 
aaroaol  aodal,"  Opt.  Eng.  22  (1983)  pp.  57-82. 

5.  K.L.  Davidaon  and  C.W.  Fairall,  "Optical  propartiaa  of  tha  aarine  ataoapharic 
boundary  layar:  aaroaol  profiles,"  in:  Ocaan  optics  VIII.  Proo.  SPIE,  Vol.  637 
(1986)  pp.  18-24. 

6.  C.W.  Fairall  and  K.L.  Davidaon,  "Dynaaioa  and  aodaling  of  aarosols  in  tha  marine 
ataoapharic  boundary  layar,"  in:  E.C,  Monahan  and  G.  Mac  Niooaill,  ads.,  Oceanic 
Whitacaps.  Dordrecht,  D.  Raidal  (1986)  pp.  195-208. 

7.  V.R.  Noonkaatar,  "Profilaa  of  optical  extinction  coefficients  calculated  fros  droplet 
speatra  observed  in  Marine  stratus  cloud  layers"  J.  Atmos.  Sci.  42  (1985)  pp.  1161- 
1171. 

8.  S.G.  Gathaan,  Naval  Research  Laboratory,  "Modal  for  estimating  meteorological 
profilaa  from  shipboard  observations, H  1978,  NRL  Raport  8279,  Washington  D.C. 

9.  FIRE:  Marine  etratouuaulua  intensive  field  observations,  June  29  -  July  iy,  1987, 

1987  operation  Plan,  May  1987. 

10.  J.E.  James,  H.  Garber,  S.G.  Gathman,  M,  Smith  and  I.  Consterdina,  Naval  Research 
Laboratory,  "Navy  thethered  balloon  measurements  made  during  the  "FIRE"  marine 
stratoou  IFO  July  1987,"  1989,  NRL  Memorandum  Report  6445,  Washington  D.C. 

11.  K. A,  Kloesel,  B.A.  Albrecht  and  D.P.  Wylie,  "FIRE  marina  etratocumulus  observations 
-  summary  of  observations  and  synoptic  conditions,"  (1988)  FIRE  Technical  Raport  No. 
1,  Tha  Pennsylvania  State  University,  Dept.  Meteorology,  University  Park,  PA  16B02. 

12.  D.R.  Jansen,  "Horizontal  variability  of  tha  marine  boundary  layar  structure  upwind 
of  San  Nioolas  Island  during  FIRE,"  (1989),  Naval  Ocean  systems  Center,  Report  NQSC 
TR  1292,  San  Diego. 

13.  N.H.  Fletcher,  "The  phyeice  of  rain  clouda,"  Cambridge  at  the  Univ.  press,  1962. 


7.  ACKNOWLEDGEMENTS 

We  wish  to  acknowledge  other  people  who  provided  significant  contributions  to  NOVAM. 
Thanks  go  to  Dr.  Juargen  Richter  (NOSC)  who  manages  the  EOMET  applied  research  program 
under  which  NOVAM  is  developed,  and  Dre.  Chris  Fairall  (Penn  State)  and  Hermann  Gerber 
(NRL)  who  ware  involved  in  numerous  discussions  on  the  direction  of  the  formulation. 
Special  thanks  go  to  Mika  H.  smith  and  Ian  E.  Coneterdine  of  IJMIST  for  making  excellent 
aerosol  measurements  on  the  NRL  Aeroatat,  and  to  Dr.  Hermann  Gerber  for  preparing  the 
Aeroetet.  R.E.  Larsen  (NRL)  made  the  Radon  measurements,  Peter  Guest,  Keith  Jones  (NPS) 
and  Jeff  James  (NRL)  assisted  in  data  collection  on  tha  R/V  Point  Sur.  Pat  Boyle  and 
Tamar  Mata  (NPS)  assisted  in  tha  analysis.  GdL  participated  in  this  program  whila  he 
held  a  National  Research  Council  Rasanrch  Assoolateship  at  the  Naval  Postgraduate 
School . 


18-1 
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SUNNARY 

Two  millimeter-wave  propagation  models,  called  MPH  and  MZM,  are  discussed.  The  first  one  predicts,  at 
frequencies  up  to  1000  GHz,  loss  and  delay  effects  for  a  :  onpreclpltatlng  atmosphere.  Contributions  from  dry 
air  and  water  vapor  are  addressed,  as  well  as  suspended  water  droplets  that  simulate  fog  or  cloud  conditions. 
For  clear  air,  a  local  spectral  line  base  Is  amployed  (44  0,  +  30  Hz0  lines)  complemented  by  an  empirical  water- 
vapor  continuum.  Droplet  effects  are  treated  with  the  approximate  Rayleigh  scattering  theory.  Input  variables 
are  barometric  pressure,  temperature,  relative  humidity,  and  droplet  concentration.  ...... 

At  heights  between  30  and  100  km,  the  spectral  lines  of  oxygen  result  In  an  anisotropic  medium  due  to  the 
geomagnetic  Zeeman  effect.  The  computer  program  HZM  was  developed  to  analyzo  propagation  of  plane,  polarized 
radio  waves  In  the  vicinity  (±10  MHz)  of  0..  line  canters  positioned  In  the  60-GHz  band  and  at  119  GHz.  Results 
are  displayed  that  demonstrate  many  aspects  of  the  unusual  wave  propagation  through  the  mesosphere. 


1. 


INTRODUCTION 


The  parameters  of  a  radio  wave  are  modified  on  propagation  through  the  atmosphere.  In  general 

•  ...  1  ...II  ..  _ I a.  A. TU.  JnHnW  n  .  n  '  A. 
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Influences  are  due  to  refraction,  absorption,  and  scatter.  The  complex  refractive  Index,  n 
measure  of  the  Interaction  of  electromagnetic  radiation  with  the  medium  and  depends  on  frequency  and  atmo¬ 
spheric  conditions.  Its  real  part,  n\  exceeds  unity  by  a  small  amount  (n'  -  I  £  0.0004),  slowing  the 
propagation  velocity  to  values  less  than  speed  of  light  In  vacuum,  while  the  positive  Imaginary  part  (n  ) 
pertains  to  a  loss  of  wave  energy. 


Complex  refractlvlty,  expressed  In  units  of  parts  per  million, 
N  -  (n  -  1)104  -  N,  +  N'(f)  +  ZN" ( f )  ppm, 


(1) 


Is  a  sensible  measure  of  electromagnetic  properties  exhibited  by  the  atmosphere.  Frequency- Independent 
contributions,  Nf,  and  respective  refraction  and  absorption  spectra,  N'(f)  and  N“(f),  can  be  specified. 

Refractlvlty  N  Is  the  center  piece  of  models  that  characterize  atmospheric  radio-wave  propagation.  Two 
methods  are  discussed  here  to  compute  refractlvlty:  In  MPM,  the  standard  case  of  an  Isotropic  medium  Is  dealt 
with  t 1 ] ;  on  the  other  hand,  In  MZM  a  very  special  case  Is  treated  where,  In  the  mesosphere,  the  medium 
behavas  anlsotroplcally  and  wave  transmission  depends  on  location,  direction,  and  polarization  [2]. 


i.i  standard  AtmuaiiflElc  fronaflatlun  (MEttl 


Free  propagation  of  a  plane  wave  In  the  z-dlrectlon  Is  described  by 


E(z)  -  exp[/kz(l  +  N)]  E0 


(2) 


where  E(z)  Is  the  electric  field  strength  at  a  distance  z  along  the  pith,  which  may  be  curved  by  refractive 
gradients  R«(dN/dz)  according  to  Sne/rs  law;  Ea  *  E(z  -  0)  Is  the  initial  value;  k  »  2xf/c  Is  the  free 
space  wave  number,  and  c  Is  tha  speed  of  light  In  vacuum.  Assuming  the  units  for  frequency  f  In  GHz  and  for 
refractlvlty  N  In  ppm,  we  have  In  more  practical  terminology  the  dispersive  propagation  rates  of  power 
attenuation  a  end  phase  lag  8  (or  delay  time  r);  that  is, 


a  -  0.1820  f  N"(f) 

dB/km 

P  -  1.2008  f  N'(f) 

deg/ km  ,  or 

r  -  3.3356  N'(f) 

ps/km  , 

(3) 


where  0.1820  -  (4f/c)101og  e,  1.2008  ■  (2sr/c) (]B0/»t) ,  and  3.3356  »  1/c. 


Program  MPM  has  five  modules:  (a)  nondtsperslve  refractlvlty  Nt,  (b)  contributions  from  44  0Z  and  30  HjO 
local  (s  1  THz)  line  spectra,  (c)  the  nonresonant  dry  air  spectrum,  (d)  an  empirical  water  vapor  continuum 
that  reconciles  discrepancies  with  experimental  absorption  results,  and  (e)  a  refractlvlty  due  to  suspended 
water  droplets.  Two  additional  modules  estimate  haze  (1 .a. ,  reversible  swelling  or  shrinking  of  hygroscopic 
aerosols  when  relative  humidity  varies  between  80  and  99.9  X)  and  rain  effects  [1]>  but  are  not  discussed 
Hera. 

Section  2  gives  the  particulars  how  to  compute  refractlvlty  N  from  five  Input,  parameters: 


frequency 

f 

1  - 

1000 

GHz, 

barometric  (total)  pressure 

P 

110  - 

10’5 

kPa, 

temperature 

T 

-50  - 

50 

•c, 

relative  humidity 

U 

0  - 

100 

XRH. 

g/m. 

suspended  water  droplet  concentr.  at  100  XRH 

W 

0  - 

5 

18-2 


The  spatial  distribution  of  these  variables  along  a  radio  path  specifies  an  Inhomogeneous  propagation 
medium  [3],  a  case  not  treated  here.  The  02  Zeeman  effect  Is  approximated  In  HPH  so  that  the  height  range  can 

be  extended  to  100  km,  but  trace  gas  spectra  (0,,  CO,  N20,  CIO,  etc.)  are  missing. 

1.2  Anisotropic  Propagation  In  The  Mesosphere  (HZH1 

At  high-altitude  (30  -  100  km)  pressures,  the  02  lines  appear  as  Isolated  features  and  their  spectral 
signature  Is  governed  by  the  Zeeman  effect  due  to  the  geomagnetic  field.  The  magnetic  flux  density  8„  varies 
with  location  and  height  and  splits  each  line  Into  three  groups  of  Zeeman  components  [see  (20))  that  are 
spread,  proportional  to  8.,  over  a  range  of  a  few  megahertz.  The  spatial  dependenceof  these  three  groups 
leads  to  anisotropic  Interactions  with  an  electromagnetic  field. 

Following  (2),  the  propagation  of  a  plane,  polarized  wave  Is  formulated  by 

£(z)  -  exp[/kz(I2  +  Nj)]  £<,  ,  (5) 

where  z  Is  the  distance  along  a  straight-line  path.  For  the  x/y-plane  of  polarization  (orthogonal  to  z)  we 
define  £(z),  a  two-dimensional  field  vector!  £,  *  £(z-0),  the  Initial  value;  I2,  the  2x2  unit  matrix;  and 
K,,  a  2x2  refractlvlty  matrix.  Analysis  of  the  complex  field  £  Implies  a  shorthand  notation  for 

/ft[expW2*ft)  £].  As  the  time  t  Increases  through  one  cycle,  this  real  vector  describes  an  "ellipse  of 

polarization".  The  program  MZH  was  developed  [2]  to  solve  (5  for  a  spherically  stratified  mesosphere  (l.e., 
concentric  height  Intervals  of  1  km  between  30  and  100  km  [13])  as  detailed  In  Section  3. 


])  as  detailed  In  Section  3. 


2.  THE  MPM  MODEL 

The  concept  of  an  atmospheric  millimeter-wave  propagation  model  In  the  form  of  N(f)  was  Introduced  In  [3]. 
Modular,  quantitative  relationships  correlate  meteorological  conditions  encountered  In  the  neutral  atmosphere 
with  refractlvlty  formulations.  Contributions  by  dry  air,  water  vapor,  and  suspended  water  droplets  (haze, 
fog,  cloud)  are  covered  In  [lj.  Refractlvlty  of  air  can  be  obtained,  In  principle,  by  considering  all  known 
resonant,  far-wlng,  and  nonresonant  radio-wave  Interactions  with  the  matter  In  a  given  volume  element. 

Various  degrees  of  approximations  have  been  employed  to  reduce  labor  and  computer  time,  as  well  as  to  bridge 
unknown  spectroscopic  Information. 

2.1  Atmospheric  Model  Parameters 

Atmospheric  Input  parameters  are  converted  Into  Internal  model  variables;  that  Is, 
temperature  T  (*C)  Into  a  relative  Inverse  temperature  variable 


and  relative  humidity  Into 


e  -  300/(T  +  273.15); 
U  -  (e/e,)  100  s  100 


whereby  the  temperature  dependence  of  the  water  vapor  saturation  pressure  e,  (100  XRH)  Is  approximated,  and 
In  turn,  expressed  as  vapor  pressure  e  or  concentration  v;  l.e., 

e  -  2.408-10*  U  f‘  exp(-22.64  «)  kPa 

.  (8) 
V  -  7.223  e  t  g/m5  . 

Equation  (8)  allow  one  to  correlate  relative  (U)  and  absolute  (e  or  v)  humidity  and  thus  to  separate  tho 
total  pressure  Into  partial  pressures  for  dry  air  and  water  vapor  (P  »  p  +  e). 

Suspended  water  drnplets  representing  fog  or  cloud  conditions  are  described  by  i  water  droplet  con¬ 
centration  W,  which  can  be  deduced  from  measured  drop  size  spectra  or  estimated  as  path-average  from  optical 
visibility  data.  Cloud  coverage  is  a  frequent  event  that  typically  occurs  half  of  the  time  with  vertical 
extensions  of  up  to  2  km.  Whenever  a  concentration  W  Is  considered  In  MPM  [l.e.,  (9)  and  (IS)],  the  relative 
humidity  has  to  bo  set  to  U  -  100  *  (e  -  *,). 


The  total  complex  refractlvlty  In  MPM  consists  of  nondlsperslve  and  dispersive  parts,  Nt  -  N,  +  N(f). 
Nondlsperslve  refractlvlty  Is  terms  of  P  -  p  +  e(U),  #,  and  W  follows  from 

N,  -  [2.589p  +  (41.63#  +  2.39)e]#  +  U[1 .5  -  4.5/(f,  +  2)]  ,  (9 

with  -  77.66  +  103, 3(#  -  1)  being  the  static  permittivity  of  liquid  water  (see  equation  16). 

Dispersive  complex  refractlvlty  Is  assumed  to  be  the  sum  of  four  contributions, 

N(f)  ■  Nt(f)  +  \{f)  +  Nv(f)  +  NM(f),  (10 

where  Nt  represents  local  (s  1  THz)  line  contributions, 

No  and  Ny  art  dry  air  and  water  vapor  continuum  spectra,  and 
Ny  Is  the  refractlvlty  spectrum  due  to  suspended  water  droplets. 

2.3  Local  Una  Absorption  and  Dispersion 

A  llno-by-llne  sumnatlon  of  local  spectra  by  the  two  principle  absorber  molecules,  02  and  H20,  yields  the 
the  refractlvlty  contribution 
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N.  -  2  S,F.(f)  +  ?Vk(f)  ,  (1J 

J-1  k-1 

where  S  1$  a  line  strength  In  kHz,  F  -  F'+  If  Is  a  complex  shape  function  In  GHz'1,  and  j,k  are  the  line 
indices.  The  Van  Vleck-Meisskopf  shape  function,  Modified  by  Rosenkranz  [5], [6]  to  include  pressure- Induced 
line  Interference,  was  selected  to  describe  line  broadening  as  follows: 

F(f)  -  (f/*gt(l  -  «)/(V  f  -H)  ■  (1  +  /!)/(!»,+  f  +  11)]  (12 

defining  dispersion  [Se  F  -  F' (f) ]  and  absorption  [J»  F  -  F*(f)]  spectra  [1],  and  the  parameters  are: 


Symbol 

02  Lines  In  Air  (J) 

HjO  Lines  In  Air  (k) 

strength 

S,  kHz 

a,10'4p93exp(a2(l  -  9)] 

b1#91,5exp[b2(l  -  9)] 

(12a) 

width 

7.  GHz 

a,10"s(p9<0‘8  '  •**  +  1 .  Ie9) 

bjlO'J(p9w  +  b5e9“) 

(12b) 

Interference 

S 

(a,  +  a49)10'*p9#-8 

0 

(12c) 

A  current  set  of  line  center  frequencies  u0  and  spoctroscoplc  coefficients  a,  to  a6  and  b,  to  b4  for  strength 
S,  pressure-broadened  width  y  and  Interference  6  Is  given  In  Table  1  of  reference  [l],  The  computing 
efficiency  of  MPM  can  be  Improved  by  approximating  the  temperature  dependence  of  the  width  of  water  vapor 
lines  by  setting  summarily  b4  »  0.7  and  b6  «  0.9, 

Zeeman-splitting  of  02  lines  has  to  be  taken  Into  account  for  altitudes  above  30  km.  Model  M7.M  was 
developed  to  treat  this  special  problem  (see  Section  3).  A  rough  estimate  of  oxygen  line  behavior  In  the 
mesosphere  Is  made  In  HPM  by  replacing  the  widths  yi  (12b)  with 

t/  -  [T,*  +  (2S  B0)Y/J  GHz  ,  (lZd 

where  the  geomagnetic  flux  density  B„  Is  In  mlcrotesla  (pT).  Doppler-broadenlng  of  H20  lines  at  heights 
above  50  km  Is  considered  by  substituting  the  widths  yk  with  (v„  In  GHz) 

7k*  -  [V  +  2. 14.10-,aa/0ikV®]1/2  GHz  .  (12e, 

2.4  Nonresonant  Dry  Air  Spectrum 

Nonresonant  refractlvlty  terms  of  dry  air  make  a  small  contribution  [3], 

^(f)  -  Sd(l/[1  -  /(f/Y,)J  -  1)  +  1H/,  (13 


due  to  the  02  Oobye  spectrum,  Sd  -  6. 14' lO^p#*  (kHz)  and  yd  -  5.610'5(p  +  l.le)91,m  (GHz)  [4], 
and  pressure-induced  nitrogen  absorption,  Np"  -  1.40-  10",0f ( 1  -  1.2. 10'5f1,5)pz9s,s. 

2 . 5  Water-Vanor  Continuum 

The  real  part  of  the  water-vapor  continuum  spectrum,  Nv',  Is  a  theoretical  estimate,  while  the  loss  term, 
Nv",  Is  an  empirical  formulation  leading  to  [1] 

N/(f)  -  f*(l  -  °.20  tf)etf310*s  and  Nv"(f)  *  f(bde  +  bpPje^lO*  ,  (14) 

where  bt  -  3.57 •f7,5  and  bp  *  0.113.  Equation  (14)  supplements  the  H20  line  contribution  Nl  k  (11). 

Experimental  attenuation  rates  a  of  moist  air  generally  exhibit  more  water-vapor  absorption  than  Is  con¬ 
tributed  by  the  H20  line  base.  The  excess  Is  most  pronounced  In  atmospheric  Millimeter-wave  window  ranges. 
Continuum  absorption  Ny”  was  detenalned  by  a  series  of  accurate  laboratory  measurements  in  the  140-GHz  window 

range  where  absolute  attenuation  uJP,T,U)  was  Measured  at  f  *  138  GHz  for  both  pure  water  vapor  and  moist 

air  conditions  [7].  The  b.-term  of  (14)  with  Its  strong  negative  temperature  dependence,  so  far,  has  not 
found  a  sound  theoretical  explanation.  Hypotheses  about  Its  origin  consider  wing  contributions  from  self- 
broadened  HjO  lines  ebove  1  THz,  collision- induced  absorption,  and  water  dimers.  These  three  effects  may  be 
Involved  separately  or  collectively  (6). 

2.6  Suspended  Hater  Dronlat  Refractlvlty 

Suspended  water  droplets  In  fogs  or  clouds  are  efficient  mllllmeter-wive  absorbers.  Their  maximum  radii 
are  below  50  pm,  which  allows  the  approximate  Rayleigh  scattering  theory  to  be  applied  to  formulate  complex 
refractlvlty  contributions  [8], 

Ny(f)  -  W[1.5  -  4.5/(a  +  2)]  .  (15) 

The  complex  permittivity  spectrum  of  liquid  water,  (,  Is  given  up  to  1000  GHz  by  a  double-Debye  model, 

«(f)  ■  («.  ■  *,)/(!  -  /(f/fB1)l  +  (*,  -  <,)/[!  -  F(F/fD2)l  1-  e2  ,  (16) 

where  c.  Is  given  at  equation  (9);  the  high  frequency  constants  are  t,  -  5.48  and  e2  -  3.51, 

and  the  two  relaxation  frequencies  are  (In  GHz) 

f(1  -  20.09  -  142 (tf  -  1)  +  294(9  -  I)z  and 

fD2  -  590  -  1500(9  -  1)  . 


FREQUENCY,  OH* 


Fig.  1.  Atmospheric  dispersive  refractlvlty  N  -  N'(f)  +  fN"(f)  over  the  frequency  range  from  0  to  1000  GHz 
for  a  sea  level  condition  (P,T)  at  various  relative  humidities  (ll). 
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The  parameters  In  (16)  are  best  fits  to  measured  permittivity  data  reported  for  frequencies  up  to  1000  GHz 
over  a  temperature  range  from  -10  to  30‘C. 

2.7  MPH  Examples 

Examples  for  a  sea  level  condition  exhibit  spectra  at  various  relative  humidities  (0  -  0  to  100  XRH)  In 
Figure  1.  Molecular  resonance  absorption  can  be  recognized  In  the  60-GHz  band,  at  119  GHz,  and  higher  due  to 
02,  as  well  as  around  22,  183  GHz,  and  higher  due  to  H20.  Across  the  spectrum  one  notices  more  or  less 
transparent  window  ranges  separated  by  molecular  resonance  peaks.  Above  120  GHz,  relative  humidity  (7)  Is  a 
key  variable  to  describe  the  dominating  water  vapor  effects  of  absorption  and  dispersive  refractlvlty. 

Systems  designed  for  the  millimeter-wave  (90  -  350  GHz)  range  offer  an  attractive  alternative  to  electro- 
optical  schemes  when  operation  has  to  be  assured  during  periods  of  optical  obscuration.  Hater  droplet 
effects  (15)  of  MPH  are  added  to  the  state  of  saturated  (U  -  100  XRH)  air  by  specifying  a  concentration  H. 
Typical  attenuation  and  delay  rates  due  to  fog  are  displayed  In  Figure  2. 

3.  THE  MZM  MODEL 

The  mesosphere  lies  between  the  stratosphere  and  thermosphere  from  somewhat  above  30  km  In  altitude  to 
about  100  km.  Air  Is  dry  and  the  environmental  parameters  are  pressure  P  (1.2  to  3 ■ 10'5  kPa)  and  temperature 
T  (-2  to  -87‘C)  taken  from  the  U.S.  Standard  Atmosphere  76  {13] .  Oxygen  line  absorption  Is  strong  enough  to 
affect  radio  propagation.  Because  the  pressure  Is  low,  the  lines  are  very  sharp  and  new  phenomena  appear  due 
to  the  Zeeman  effect.  The  geomagnetic  field  (magnetic  flux  density  B0  can  vary  from  22  to  65  pT)  splits  each 
line  Into  a  number  of  sublines,  and,  furthermore,  how  these  sublines  react  to  an  electromagnetic  field 
depends  on  Its  polarization  state.  Over  a  few  megahertz  around  the  line  centers,  the  medium  Is  anisotropic, 
making  radio  waves  subject  to  polarization  discrimination  and  Faraday  rotation.  The  physical  reasons  for  this 
behavior  and  possible  applications  are  discussed  In  references  [9] - [12] .  This  background  led  to  MZM,  which 
shows  how  wave  propagation  In  the  mesosphere  can  be  handled  [2]. 

3.1  Omen  Line  Properties  As  Influenced  Bv  The  Geomagnetic  Field  (Zeeman  Effect) 

The  0Z  molecule  Interacts  with  radiation  via  Its  magnetic  dipole  moment.  Rotational  energy  levels  of  the 
linear  molecule  have  approximate  values  given  by  the  formula  8K(K+1),  where  B  Is  related  to  the  moment  of 
Inertia  of  the  molecule  and  the  "quantum  number"  K  Is  an  odd  integer.  The  microwave  lines  originate  from  the 
fine  structure  of  the  K  levels  caused  by  the  electron  spin.  For  each  K,  the  "total  angular  momentum"  quantum 
number  takes  on  values  0  •  K-l,  K,  K+l .  Transitions  can  take  place  between  the  K  and  K+l  levels  and  between 
the  K  and  K-l  levels  and  are  labeled  the  K*  and  K‘  absorption  lines,  respectively. 

The  program  MZM  Is  relevant  only  ±10  MHz  around  Isolated  line  centers  tUK*)  but  operates  In  principle 
over  ±250  MHz.  Each  line  strength  and  width  Is  calculated  with  (12a, b),  Center  frequencies  r0  and 
spectroscopic  parameters  a.,  a,,  and  a,  are  listed  In  Table  1  for  40  Q,  absorption  lines.  Most  of  the  60-GHz 
lines  are  generally  separated  by  about  500  MHz;  since  the  line  width  above  30  km  Is  20  MHz  or  less,  each  line 
Is  well  Isolated.  There  are  four  cases  where  K*  lines  are  separated  by  only  about  100  MHz.  Those  linos  must 
be  treated  as  "doublets*  to  account  below  h  *  50  km  for  overlapping  contributions. 

Pressuro  decreases  with  altitude  and  the  0a  width  approaches  the  Doppler  width  (v0  In  GHz) 

-  1 .096' 10'*Po/#1/2  GHz,  (17) 

which  Is  associated  with  a  Gaussian  shape  function.  The  transition  between  pressure  and  thermal  broadening  Is 
handled  theoretically  by  a  Voigt  line  shape  (convolution  of  Lorentz  and  Gauss  functions)  [12].  Following 
[14],  It  Is  adequate  to  retain  the  Lorentz  shape  function  (l.e.,  first  term  of  equation  12)  and  to  suppose 
that  tho  width  y.  (12b)  is  replaced  by 

Yh  -  0.535y  +  (0.217-r2  +  iB*)m  GHz  .  (18) 

Each  of  the  fine  structure  J-levels  Is  degenerate  since  the  corresponding  states  have  random  azimuthal 
motion.  The  quantum  number  M  of  azimuthal  momentum  can  be  any  Integer  from  -J  to  +J.  When  the  0,  molecule  Is 
subjected  to  a  static  magnetic  field,  t  force  Is  acting  on  the  internal  magnetic  dipole,  The  resulting 
precession  about  the  field  affects  the  rotational  energy  In  a  manner  directly  related  to  the  azimuthal 
quantum  number  M.  The  level  then  splits  into  2J+1  new  levels.  This  elimination  of  degeneracy  Is  called  the 
Zeeman  effect. 

There  are  stringent  selection  rules  for  transitions  between  the  many  energy  levels.  When  J  changes  by 
one,  then  simultaneously  H  can  either  remain  fixed  or  else  also  change  by  one.  Furthermore,  each  of  those 
transitions  can  arise  because  of  Interaction  with  only  one  component  of  the  electromagnetic  field.  The  line 
components  obtained  when  M  Is  unchanged  are  called  the  w  components  and  arise  from  Interaction  with  a 
magnetic  field  vector  that  Is  linearly  polarized  In  the  direction  of  fl.  When  M  changes  by  ±1,  the  a*  or  o' 
components  are  excited  by  «  magnetic  field  vector  which  Is  clrculerly  polarized  in  the  plane  perpendicular  to 
fl.  The  u  (a")  components  arise  from  a  right  (left)  circularly  polarized  field,  This  anisotropic  behavior 
Is  explained  by  noting  that  circularly  polarized  forces  along  the  axis  of  rotation  ought  to  change  the 
azimuthal  motion.  Each  sat  of  components  of  the  K*  line  contains  2K+1  sublines,  while  the  K'  line  contains 
2K-1  sublines. 

The  line  center  frequency  of  a  single  Zeeman  component  Is  given  by 

M„*  -  +  28.03. 10  \  B„  GHz  (19) 

where  Is  the  center  frequency  of  the  unsplit  line,  B0  is  In  pT,  and  a,  s  tl  Is  a  coefficient  that  depends 
on  K‘,  H,  and  AM.  A  geomagnetic  field  of  50  pT  spreads  the  Zeeman  components  over  about  v0  ±  1.5  MHz. 


Table  1.  Line  Frequencies  v0  and  Spectroscopic  Coefficients  a1  2(J  for  Microwave  Transitions  of  0,  In  Air 


K± 

V0 

al 

a2 

a3 

GHz 

kHz/kPa 

GHz/kPa 

xio-6 

*10-3 

39- 

49.962257 

0.34 

10.724 

8.50 

37- 

50.474238 

0.94 

9.694 

8.60 

35- 

50.987749 

2.46 

B.C94 

8.70 

33- 

51.503350 

6.08 

7.744 

8.90 

31- 

52.021410 

14.14 

6.844 

9.20 

29- 

52.542394 

31.02 

6.004 

9.40 

27- 

53.066907 

64.10 

5.224 

9.70 

25- 

53.595749 

124.70 

4.484 

10.00 

23- 

54.130000 

228.00 

3.814 

10.20 

21- 

54.671159 

391.80 

3.194 

10.50 

19- 

55.221367 

631.60 

2.624 

10.79 

17- 

55.783802 

953.50 

2.119 

11 . 10 

1+  1 

56.264775 

548.90 

0.015 

16.46 

15-  | 

56.363389 

1344.00 

1.660 

11,44 

13- 

56.968206 

1763.00 

1.260 

11.81 

11- 

57.612484 

2141.00 

0.915 

12.21 

9-  1 

58.323877 

2386.00 

0.626 

12.66 

3+  | 

58.446590 

1457.00 

0.084 

14.49 

7- 

59.164207 

2404.00 

0.391 

13. 19 

5+ 

59.590983 

2112.00 

0.212 

13.60 

5-  1 

60.306061 

2124.00 

0.212 

13.82 

7+  1 

60.434776 

2461.00 

0.391 

12.97 

9+ 

61.150560 

2504.00 

0.626 

12.48 

11+ 

61.800154 

2298.00 

0.915 

12.07 

13+  1 

62.411215 

1933.00 

1.260 

11.71 

3“  I 

62.486260 

1517.00 

0.0B3 

14.68 

15+ 

62.997977 

1503.00 

1.665 

11.39 

17+ 

63.568518 

1087.00 

2.115 

XI. 08 

19+ 

64.127767 

733.50 

2.620 

10.78 

21+ 

64.678903 

463.50 

3.195 

10.50 

23+ 

65.224071 

274.80 

3.815 

10.20 

25+ 

65.764772 

153.00 

4.485 

10.00 

27+ 

66.302091 

80.09 

5.225 

9.70 

29+ 

66.836830 

39.46 

6.005 

9.40 

31+ 

67 . 369598 

18.32 

6.845 

9.20 

33  + 

67.900867 

8.01 

7.745 

8.90 

3  5+ 

68.431005 

3.30 

6.695 

8.70 

37+ 

68.960311 

1.28 

9.695 

8.60 

39+ 

69.489021 

0.47 

10.720 

8.50 

1- 

118.750343 

945.00 

0.009 

16.30 

Table  2.  Relative  Shift  (rfo)  and  Strength  (£,,)  Factors  for  the  Zeeman  Components 


Zeeman 

transitions 

VK> 

K*  -  Lines 

K"  - 

r\H(K) 

lines 

H—K 

_ M—K+j,-K+2 . K-l 

ir 

(CM-O) 

M(K-l) 

3((K+1)2-H 2) 

N(K+2)- 

2  2 
3(K~M! 

K(K+1) 

(K+l)  (2K+1) (2K+3) 

K (K+l) 

K(2K+1)  (2K-1) 

+ 

<3 

(t(K-l)-K 

3  (K-ft+1)  (K-H+2) 

M (K+2) -1 

3(K~M+1)  (K-K) 
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Each  of  the  three  sets  of  Zeeman  components  leads  to  a  refractivity  spectrum, 


N,(f)  -  2*  S  F„(f)  .  (20) 

where  the  subscript  1  -  o,  +,  -  designates  *  and  o*-components,  respectively;  the  function  f  Is  a  single 
Lorentzlan  {first  term  of  (12),  4*0,  and  f/v8  »  1)  plus  line  strength  S  and  line  width  yh,  both  Independent 
of  M,  and  equal  to  the  values  given  by  (12a)  and  (18).  The  scheme  to  calculate  the  coefficients  n,  and  for 
the  Individual  Zeeman  components  of  each  K*  line  Is  given  In  Table  2  [2], [12],  based  on  the  work  by  Lenoir 
[10].  Note  that  equals  1  In  the  case  of  N  and  1/2  for  the  other  two  (N  ).  When  EL  -  0  in  (19)  all  the 
functions  Fw  are  equal  and  the  terms  In  (20)  ado  so  that  2N.  -  2N.  -  N0  -  Nt. 

Magnitude  and  direction  of  the  geomagnetic  vector  £  are  calculated  with  the  geocentric  model  MAGFIN,  which 
Is  updated  with  1985  coefficients  (15].  To  allow  for  geodetic  Input  coordinates  (LAT_itude,  LONgitude,  and 
ALT_1tude  above  sea  level),  a  small  correction  to  latitude  and  altitude  is  applied  to  account  for  the 
flattening  (1/298.25)  of  the  Earth.  It  follows  that  path  lengths  traced  through  the  mesosphere  in  N-S 
directions  are  slightly  less  than  those  In  E-W  directions  (see  Fig.  6). 

The  three  spectra  N,  are  components  of  the  constitutive  properties  In  the  mesosphere.  Since  it  is  the 
paramagnetic  properties  of  oxygen  that  bring  about  the  absorption  lines,  it  is  the  magnetic  permeability  that 
is  affected.  The  relative  permeability  of  an  anisotropic  medium  is  formally  a  tensor  of  rank  2, 


pr  ■  I  +  2K  (21) 

assuming  N  is  on  the  order  of  10'4,  and  I  is  the  unit  tensor  of  a  coordinate  system  for  the  basis  |e  e  £  | 
and  N  is  represented  as  a  3x3  matrix.  When  the  z-axis  is  pointing  in  direction  £  *  &  of  the  geomagnetic  z 
vector  £,  we  have 


N 


N„  +  N.  -  i  ( N .  -  N  )  0 

i(N,  -  N.)  N.  +  N  0 

0  0  N 

0 


(22) 


where  No,  N.,  N_  are  complex-valued  functions  of  frequency  expressed  by  (20).  The  shape  of  these  functions 
is  illustrated  for  an  example  in  Figure  3. 


3.2  Basic  Equations  For  Plane-Wave  Propagation 


The  tensor  N  may  be  introduced  in  Maxwell's  equations  in  the  form  of  (22)  and  a  plane-wave  solution 
formulated  [2].  Such  solution  takes  the  form  of  (5).  The  electric  field  strength  £  is  a  2-dimensional 
vector  in  the  xy-plane  and  Mz  is  a  2x2  submatrix  of  N.  The  real  unit  vectors  £  ,  e  define  the  plane  of 
polarization  which  combines  with  £t,  the  direction  of  propagation,  to  form  a  righthanded  orthogonal  triad. 


The  refractivity  tensor  N  was  represented  as  a  3x3  matrix  of  the  anisotropic  medium.  It  depends  for  its 
definition  on  £_,  the  unit  vector  in  the  direction  of  the  geomagnetic  field.  To  obtain  the  2x2  matrix  IL 
acting  on  the  plane  of  polarization  of  the  radio  wave  £(z),  we  let  4  be  the  angle  between  the  geomagnetic 
field  and  the  direction  of  propagation,  that  is,  between  Sp  and  £z.  Then  the  rotation  of  the  “old- 
coordinate  system  with  basis  |£K  e  '  £„|,  in  which  N  is  represented  as  in  (22),  and  the  "new"  system  with 
basis  ]£,  ^  £j  gives  Nz. 

A  physically  natural  approach  was  to  treat  refractivity  and  its  propagation  effects  as  associated  with  the 
magnetic  wave  vector  H,  which  was  then  changed  via  the  impedance  of  free  space  to  the  corresponding  electric 
field  vector  £.  The  vector  £  is  not  orthogonal  to  1]  but  the  discrepancy  is  only  of  order  N.  It  follows  that 
the  refractivity  matrix  in  (5)  is  given  by  [2] 

N0sin^  +  (N,  +  N.)cosJd  -i(N,  -  N  )cosd 

^  -  (23) 

t  »(N,  -  NJcosd  N,  +  N. 


3-3  Characteristic  Waves 

The  computation  of  the  exponential  in  (5)  may  be  carried  out  using  the  technique  of  spectral  decomposition 
of  the  square  matrix  Hj  [16].  We  look  for  complex  numbers  p  (the  "eigenvalues")  and  vectors  v  (the 
"corresponding  eigenvectors")  that  satisfy 

«z  X  -  p  v  .  (24) 

To  solve  (24),  we  first  treat  the  scalar  equation  (the  "characteristic  equation")  [2] 

det(pl  -  Nj)  -  0  .  (25) 

Since  these  are  2x2  matrices,  this  equation  is  quadratic  in  p  and  there  should  be  two  solutions  p,  and  p,. 
Given  these  numbers,  it  Is  possible  to  find  the  corresponding  eigenvectors  y,  and  y,.  Whenever  the  initial 
field  equals  an  eigenvector,  then  (5)  becomes 

v,  2(z)  *  exp[ikz(l  +  p,  j)]  v,  j  .  (26) 

The  two  vector  functions  y,(z)  and  y^z)  are  plane-wave  solutions  to  Maxwell's  equation  called  characteristic 
waves.  They  have  the  property  that,  while  they  may  change  in  amplitude  and  phase,  they  always  retain  their 
original  appearance  and  orientation.  The  two  eigenvectors  are  linearly  Independent,  and  for  any  initial 
field  we  may  find  complex  numbers  E,  and  Ej,  so  that 

^  -  E,  +  E?  yj  . 


(27) 


K=  5+ 
h=  75,  ka 


FQ8=  59.590986  GHz 
LAT=  .8  dm* 


8*38.  8?  uT 
L0W=  .8  dm* 


Frequency  Deviation  Af  (MHz) 


Fig.  3.  Refractivlty  components  N i  ,  Nt.  and  N  (ppm)  in  the  vicinity  (Af-  ±1  MHz)  of  the  K  -  5*  line  for 
h  75  km  at  LAT-0  (equator)  and  LON-O'  (Greenwich)  where  the  flux  density  Is  B  «  30.07  pT. 


4  •  27.6  deg 


r/S 


Af  ■  1  MHz 


Frequency  Deviation  Af  (MHz) 


Orientation  Angle  p  (deg) 


Fig.  4.  Complex  eigenvalues  p,  and  p,  for  the  5*  line  at  h-75  km  and  LAT-O' ,  LON  -  0*  (Iff AG  in  dB/km, 
vfi  «  n  o«g/k*):  (a)  around  \he  line  center  (Af  -  ±1  HHz)  at  an  orientation  angle  d  -  27,6  * 
(b)  for  orientation  angles  4  »  0  to  180'  at  a  frequency  deviation  Af  -  +1  MHz. 
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Then  the  exponential  In  (5)  becomes 

£U)  -  e,la[E|exp(?kz  />,)  y,  +  E2exp(7kz  p2)  y2]  .  (28) 

The  field  vector  Is  now  represented  as  a  linear  combination  of  the  two  characteristic  waves. 

The  eigenvalues,  p,  and  p,,  have  the  same  order  of  magnitude  as  the  N,  values  and  have  positive,  generally 
differing,  Imaginary  parts;  nence,  as  z  increases,  £(z)  decreases  exponentially  and  one  of  the  two  components 
drops  faster  than  the  other.  After  some  distance  z,  £(z)  approaches  the  appearance  of  the  remaining 
characteristic  wave.  Also,  the  real  parts  of  the  eigenvalues  can  differ.  The  two  characteristic  waves  travel 
at  different  speeds  through  space  and  the  phase  relation  between  the  two  components  In  (28)  varies 
continuously.  In  the  process,  the  ellipse  of  polarization  exhibits  a  "Faraday  rotation." 

Eigenvalues  and  eigenvectors  are  computed  with 

P,P2  -  det(Hj)  -  4N4N.cos*d  +  N0(N,  +  N.Jsin2* 

and  (29) 

/>,  +  A,  -  trace(Nj)  -  2(N*  +  N.)  +  (N#  -  -  N.)s1n2#  , 

from  which  p.  and  p,  may  be  found.  These  complex- valued  functions  depend  on  frequency  and  orientation  angle 
as  demonstrated  by  the  example  in  Figure  4.  Let  us  suppose  that  p  Is  one  of  these  two  and  that  we  seek  the 
corresponding  eigenvector  y.  Its  components  have  the  values  vK,  v  ,  so  that  (24)  becomes  a  set  of  two 
equations  in  these  two  unknowns.  The  second  of  these  equations  is 

/{ N*  -  NJcos#  v„  +  (N,  +  N.)v  -  p  v  (30) 

and  one  solution  Is 

vx  -  p  -  N.  -  N.  and  vy  -  1( H.  -  N.)cos*  .  (31) 

Since  p  Is  an  eigenvalue,  the  first  equation  is  also  satisfied.  The  two  eigenvectors,  v,  and  v2,  of  (27)  are 
usually  not  orthogonal. 

A  special  case  occurs  when  $  -  0.  The  solutions  to  (29)  are  p,  -  2Nt  ; nd  p,  •  2N.,  and  when  these  are 
Inserted  Into  (31),  the  corresponding  eigenvectors  are,  respectively,  right  circularly  polarized  and  left 
circularly  polarized  and  the  z-axls  Is  the  direction  of  the  geomagnetic  field.  When  p  ».  t/Z,  the  eigenvalues 
are  H0  ana  N,  +  N.,  and  the  corresponding  eigenvectors  are  linearly  polarized  with  the  £  vector  pointing 
respectively  along  the  x-axis  and  along  the  y-axis. 


3.4  Polarization  And  Stokes  Parameters 


The  polarization  of  a  radio-wave  field  changes  as  it  propagates  through  the  Zeeman  medium  and  we  have  to 
quantify  the  polarization.  The  vector  £  (5)  describes  an  "ellipse  of  polarization"  that  can  be  characterized 
by  Stokes  parameters.  These  are  discussed  in  many  texts  (e.g.,  [17])  and  here  we  summarize  only  some  of  their 
attributes. 

Let  £  lie  in  the  x,y-plane  and  E,,  E  be  the  complex- valued  field  components.  Then  the  four  Stokes 
parameters  g0  1>2)J  are  real  numbers  given  by 

9o  -  |E,|*  +  |Ey|‘  g,  «  |E,|!  -  |Ey|a  g2  -  2  *•[£,*  Ey]  g,  -  2  7m[Ex*  Ey]  (32) 

where  the  star  Indicates  the  complex  conjugate.  We  note  that  gc  is  positive  and  equals  the  total  field 
strength  and  recognize  that 

90  ‘  9i  +  92  +  9j  • 

In  a  three-dimensional  space  with  g,,  g,,  g,  axes,  the  Stokes  parameters  of  a  field  vector  lie  on  the 
surface  of  a  sphere  of  radius  g0.  This  is  the  PoInctrP  sphere  and  provides  a  geometric  picture  of  the  field 
vector  polarization.  Given  the  Stokes  parameters,  we  can  write  for  some  phase  angle  that 

E„  -  [(g„  +  g,)/2JvV  '♦and  Ey  -  ((g2  +  1  g,)/[Z(g0  +  g,)],/V  *  ■  (33) 

The  vector  £  determines  within  the  phase  angle  R  the  Stokes  parameters  and  vice  versa.  Since  the  absolute 
phase  of  the  field  remains  undefined,  the  Stokes  parameters  represent  all  the  useful  information  for  the 
field.  What  relates  the  parameters  directly  to  the  ellipse  of  polarization  Is  the  representation  of  the 
Poincard  sphere  in  spherical  coordinates 

g,  -  g,  cos2r  coi24  ,  g2  -  g,  cos2r  s1n24  ,  9j  ■  9o  s1n2r  •  (3<) 

It  turns  out  that  S  (0  i  6  <  x)  Is  the  angle  between  the  major  axis  of  the  ellipse  and  the  x-axis,  while 
tanr  -  ib/a  (-x/4  s  r  i  x/4),  where  a  and  b  are  the  major  and  minor  semiaxes  and  the  sign  Is  chosen 
according  to  the  sense  of  rotation.  Thus  the  four  Stokes  parameters  provide  a  complete  description  of  the 
polarization. 

If  one  limits  the  discussion  to  polarization,  the  Stokes  parameters  can  be  normalized  by  dividing  them  all 
by  g„  and  the  Poincard  sphere  has  unit  radius.  Treating  this  sphere  as  a  globe,  the  northern  hemisphere  and 
the  north  pole  correspond  to  right-hand  polarization  and  right  circular  polarization  (RC),  while  the  southern 
hemisphere  and  the  south  pole  correspond  to  left-hand  polarization  and  to  loft  circular  polarization  (LC). 

The  equator  corresponds  to  linear  polarization  with  "oast"  at  (g,,g,,gj)  -  (1,0,0)  corresponding  to  polari¬ 
zation  along  the  x-axis  (HL)  and  "west"  (-1,0,0)  to  polarization  along  the  y-axis  (VL). 


An  alternate  way  to  describe  polarization  uses  the  complex  number  p  defined  as  a  ratio  of  the  two  field 
components  [18].  From  (33)  one  obtains 

p  -  E/E,  -  (g2  +  fg3)/<g0  +  g,)  ,  (35) 

(when  E,  «  1  then  p  •  |Ey|el(p)  and,  when  the  Stokes  parameters  are  normalized, 

g,  -  (i  -  |p|2)/(i  +  |p|z)  ,  g2  +  *gs  -  2p/U  +  IpI2)  •  (36) 

The  real  p-axis  corresponds  to  linear,  the  upper  half-plane  to  right-hand,  and  the  lower  half-plane  to  left- 
hand  polarizations.  The  points  p  -  i,  - i ,  0,  and  »  correspond  respectively  to  right  circular,  left 
circular,  linear  along  the  x-axis,  and  linear  along  the  y-axls  polarizations.  The  advantage  of  notation  (35) 
Is  the  fact  that  the  seemingly  complicated  polarization  description  has  been  reduced  to  a  single  number.  The 
disadvantage  Is  a  lack  of  symmetry  between  small  values  of  p  (near  g,  -  1)  and  large  values  (near  g,  -  -1). 

3.5  HZH  Model  features  And  Propagation  Examples 

Generally,  a  radio  wave  Is  defined  as  a  linear  combination  of  the  two  characteristic  waves  (28).  Horizon¬ 
tal  and  vertical  field  components  [E  (HZE)  -  1,  p  -  E  (VTE)  ■  |E Je^  ,  where  g»(POL)  Is  the  polarization  angle 
(35)],  or  >  matching  set  of  Stokes  parameters  [g,  ,,  normalized  to  g„  -  1  and  ^  -  0  (33)]  describe  the 
polarization  state.  Typically,  the  Imaginary  pam  (expressed  In  dtf/km)  of  p,  and  pt  differ  (see  Fig.  4), 
favoring  after  some  propagation  distance  the  characteristic  wave  with  the  lower  value;  simultaneously, 
different  real  parts  (In  deg/km)  affect  the  polarization  angle  p.  As  a  consequence,  the  polarization  ellipse 
changes  Its  axial  ratio  and  "Faraday" -rotates  approaching  the  polarization  state  of  the  dominant  characteris¬ 
tic  wave. 

The  mesospheric  model  MZM  gives  a  solution  to  the  problem  Introduced  by  (5),  It.  analyzes  the  geomagnetic 
Zeeman  effect  of  0,  microwave  lines  to  predict  anisotropic  propagation  of  polarized  radio  waves  at  about 
±10  MHz  (Af)  from  the  line  centers.  Numerous  Input  parameters  are  specified: 

•  frequency,  defined  as  deviation  from  a  particular  (K*)  02  line  center  (Af  •  ±  f) 

•  geodetic  coordinates  of  the  location  where  the  wave  originates  (LAT_1tude,  LoN_g1tude,  and  ALT_1tude) 

•  environmental  parameters  (pressure  P  and  temperature  T) 

•  geomagnetic  field  vector  fi  [components  B  (north),  B  (east),  B  (up)]  and  flux  density  B0 

•  polarization  state  of  the  launched  plane  radio  wave  [p  (HZF-1,  vTE)  and  ip(POL)] 

•  direction  and  elevation  angle  [d  (AZIjnuth,  ELE_vat1on)j  of  iik  launched  wave 

The  K1  -  5+  line  (v„  -  59.590983  GHz)  has  been  chosen  as  an  example.  Two  cases  are  discussed: 

a)  In  a  homogeneous  atmosphere  for  given  LAT,  LON,  and  ALT( 75  km),  a  radio  wave  propagates  north  at  the 

frequency  i/a  +  1  MHz  covering  a  distance  z  of  up  to  1000  km,  and 

b)  at  a  location  LAT,  LON,  ALT(100  km),  a  wave  enters  the  Inhomogeneous  atmosphere,  heads  In  either  N,  E,  S, 

or  W  directions,  descends  to  an  altitude  of  75  km,  and  then  exits  again  at  the  100  km  level. 

In  the  first  case,  path  attenuation  A  and  polarization  state  are  followed  along.  Propagation  effects  are 
shown  In  Figure  5  as  a  function  of  distance  z  for  a  case  where  h  (ALT),  B  (LAT,  LON),  and  ji  (AZI,  ELE)  are 
given  to  determine  p,(y,)  and  p2(y,).  At  the  frequency  i/c(5*J  +  1  MHz,  two  Initial  polarizations  are 
propagated  along  a  path  ranging  at  h  «  75  km  to  a  length  of  up  to  1000  km.  Results  at  z  -  1000  km  are 
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Computations  are  more  complicated  for  the  second  case,  where  a  tangential  path  from  outer  space  reaches  a 
minimum  height,  h,  -  7b  km.  Starting  at  h  -  100  km  In  a  given  direction  (AZI)  under  an  elevation  angle, 

ELV  -  -  5.1",  a  radio  ray  was  traced  through  a  homogeneous  path  cell  via  the  coordinates  LAT,  LON,  and  ALT. 
Geodetic  locations  were  transformed  Into  geocentric  coordinates  to  compute  fi,  d,  and  path  Increments  Az  for 
1-km  height  Intervals;  then  a  numerical  Integration  was  performed  whereby  the  anisotropic  behavior  of  each 
cell  was  evaluated  analogously  to  the  case  exemplified  In  Fig.  5.  The  final  polarization  after  traversing 
one  cell  served  as  starting  polarization  for  the  next.  Total  path  attenuations  A  as  a  function  of  frequency 
deviation  (v0  ±  4  MHz),  Initial  polarization,  and  direction  are  given.  Path  attenuations  for  three  different 
Initial  polarizations  and  four  propagation  directions  are  plotted  in  Figure  6  as  a  function  of  the  frequency 
deviation  Af.  Each  curve  represents  the  Integration  over  fifty  (100  *  75  -♦  100  km)  1-km  thick  cells 
performed  at  100  frequencies  between  v0  t  4  MHz.  The  path  attenuations  A(dB)  at  Af(DFQ)  -  1  MHz  arc 
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4.  CONCLUSIONS 

Two  parametric  models  of  atmospheric  refractlvlty  N  (1)  have  been  discussed.  Wave  propagation  described 
by  (2)  uses  the  Isotropic  model  of  N(f;  P,T,U;  W),  which  Is  organized  by  MPM  In  five  modules  to  control  over 
500  parameters.  It  was  developed  for  applications  In  areas  such  as  telecommunications,  radar,  remote  sensing, 
and  radio  astronomy,  which  operate  In  the  neutral  atmosphere  between  1  GHz  and  1  THz.  For  MPM,  various 


shortcomings  remain  (e,g.,  empirical  nature  of  H,0  continuum  absorption  and  missing  trace  gas  spectra).  The 
physical  origin  of  the  water  vapor  spectrum  In  HPH  Is  still  not  fully  understood.  Especially,  the  lack  of  a 
theoretical  basis  for  the  e  -term  of  continuum  absorption  (14)  Is  a  source  of  concern.  Its  largely  empirical 
origin  can  Introduce  modeling  errors  when  predicting  transmission  effects  In  atmospheric  window  ranges. 
Research  to  uncover  the  true  nature  of  the  millimeter-wave  water  vapor  continuum  poses  a  challenge. 

The  anisotropic  model  of  Nj(K*,Af;  P,T;  £;  B;  d)  It  applied  In  HZH  to  a  special  propagation  case  that  Is 
described  by  (5)  to  treat  the  Zeeman  effect  of  the  02  lines  listed  In  Table  1.  The  model  predicts  the 
transmission  of  polarized,  plane  waves  through  a  spherically  stratified  (30  -  100  km)  mesosphere  at 
frequencies  In  close  proximity  of  line  center  frequencies.  For  HZH,  the  experimental  confirmation  of  the 
anisotropic  geomagnetic  Zeeman  effect  remains  to  be  realized. 

Programs  for  HPH  and  MZH  were  written  to  run  efficiently  on  desk-top  microcomputer  (diskettes  may  be 
requested  from  ITS).  Validation,  error  checking  of  predictions,  and  Incorporation  of  new  research  results 
will  continue  to  be  critical  and  time  consuming  tasks. 
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Fig.  5.  Attenuation,  Faraday  rotation,  and  polarization  state  (Stokes  parameters  g,  on  PolncarS  sphere) 
tor  Initially  linear  (45'L)  and  left-circular  (LC)  polarized  radio  waves  propagating  a  distance  of 
1000  km  at  h  -  75  km  horizontally  (ELV  ■  0*)  In  the  north  direction  (AZI  -  O’)  under  the  computed 
orientation  angle  tf(PHI)  ■  27.6'  at  a  frequency  f  -  r„(5*)  +  1  MHz. 
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Fig.  6.  Cumulative  path  attenuation  A  for  tangential  path  through  the  U.S.  Std.  Atm.  [13]  In  the  vicinity 
i4  of  Hf*  K"?  11na'  Th8  n‘d,°  wlve  entors  the  atmosphere  at  LAT-0* ,  L0H-0* ,  and 
/i^nT10^  ViSt  *5.,!l?v*t1on  ,n?1e  ELV— 5.i ’,  propagates  In  either  N,  E,  S,  or  W  directions 
AZ,;S  •  •  }®0  ,  2/p  ),  approaches  a  tangential  height  of  75  km,  and  leaves  the  atmosphere  at 

h  ■  1QO  km.  Path  lonnth<!  7  .  1190  Vm  fV»v*  M  nr  C  Itln  l,-  r*  n  J1....11 _  r 


U  iaa  L  A  :rv  Ll  *'  r  nwi9nt  Dr  /o  km,  ana  leaves  ine  atmosphere  al 

h  -  00  km.  Path  engths:  z  1129  km  for  H  or  S,  and  1140  km  for  E  or  W  directions; 
initial  polarizations:  right-hand  circular  (RC),  left-hand  circular  (LC),  and  45*  linear  (45L), 
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J.  SBLBY 

You  showed  good  agreement  between  your  calculations  of  ataoapharic  attanuation  and  bom 
fiald  measurements  for  your  H20  and  0,  lina  parameters  and  your  H,0  continuum.  How  do 
your  molecular  lina  parameters  and  the  H20  continuum  ooapara  with  thosa  of  AFOL  (in 
HITRAN  86  and  FASCOD  2)? 

AtmOK'8  UFIiY 

1  showed  raaulta  from  two  axparinanta  that  confirmed  MPK89  [l]  pradiotionm  of  atmospher- 
io  watar  vapor  attenuation!! 

a.  about  1200  data  (0. 1-1.2  dB/lca)  fro*  field  measurements  performed  at  96.1  GHs 
(2-20  g/m'*  H,0,  5-35*C,  98  kPa)  [Nanabe  at  ml.,  IEEE  Trana  AF-37(2),  Fab  1989] }  and 

b.  about  180  data  (2-20,000  dB/Jcm)  reported  between  175  and  950  GHz  for  the  monomer 
(proportional  to  ep)  spectrum  at  7.5  g/mT,  20 'C,  101  kPa  plus  35  data  (0.3-1. 2  dB/km) 
reported  between  210  and  440  GHz  to  support  a  theoretical  dimer  spectrum  aa  H50  continu¬ 
um,  which  ia  proportional  to  b.e^  (see  equation  (14)  and  reference  [7]);  [furaahov  at 
al.,  IEE  Conf.  Publ.  afll,  310-11,  XCAP  89]. 

HPM89  uses  from  the  AKGL  HITRAN  coda  only  the  lina  strength  parameters  of  30  H30 
lines  —  all  other  spectroscopic  information  either  originated  from  our  laboratory  work 
or  the  references  given  in  ( 1 ] . 
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This  paper  ia  devoted  to  the  problem  area  of  modelling  abauophario  turbulence,  whit*  la  limiting 
electro-optical,  especially  laser  systems  perfonannne.  We  briefly  and  generally  discuss  the  practical  use 
of  Monin-Cboukhov  (JO)  similarity  for  predicting  the  structure  constant  c  4  and  the  irrer  length  seals  1R 
of  refractive  index  fluctuations.  Even  though  MD  similarity  originally  wee  stated  for  an  ideal  surface 
layer  which  is  nearly  nowhere  found,  it  can  be  expected  to  be  helpful  also  in  natural  terrain  under  real 
meteorological  conditions.  A  set  of  parameterize  tiers  of  the  mrrfaae  fluxes,  which  are  required  In  the  MD 
similarity  expressions,  is  proposed.  These  parameterization  need  only  very  basic  environmental  input  data 

Results  of  an  experiment  are  presented  showing  reasonable  agreement  between  model  predictions  and  direct 
maasureasnts  at  different  height*.  Modal  input  parameter*  have  bean  measured  explicitly  hare.  In  many 
cases,  input  parameters  have  to  be  estimated  or  there  are  only  sirple,  not  fully  representative  measure¬ 
ments  available.  A  sensitivity  analysis  with  nwqmct  to  all  input  parameters  ia  perfarmsd.  the  overall 
modal  error  in  high  reflectivity  turfaulancs  level  situations  is  found  to  be  about  half  an  order  of 

magnitude  for  C  3  if  we  sum  up  over  all  contributions,  par  the  inter  seals  1  this  is  lass  than  40  %. 
n  n 


1.  Intrakictlcn 

Thu  performance  of  electro-optical  systems  in  tits  atmosphere  is  often  degraded  by  the  effects  of  turbulent 
reflectivity  fluctuations.  The  variability  of  the  visible  and  XR  window  refractive  index  in  the  turbulent 
scale  is  mainly  due  to  turbulent  temperature  fluctuations.  In  some  cases  a  contribution  of  humidity  might 
also  be  of  isportanoe,  especially  in  the  8-13  urn  band.  The  strongest  reflectivity  turbulence  occurs  near 
the  earth's  surface  where  turbulence  transports  heat  between  atmosphere  and  gnund  in  a  daily  cycle. 

Fbr  many  applications  it  is  sufficient  to  dosariba  rsfractivity  turbulence  by  the  inertial  subrange  spec¬ 
tral  aaplituda,  the  structure  aonetant  cn3.  For  seme  others,  where  local  angle  of  arrival  fluctuations  or, 
under  the  condition  of  a  short  propagation  path  or  saturation,  intensity  fluctuations  play  a  role,  also  the 
inner  scale  1  has  to  be  considered  (lee  and  Harp,  1969  >  Hill  and  Clifford,  1981).  Observations  have  shown 
a  large  possible  spread  of  these  quantities  far  different  geographical  and  meteorological  conditions.  This 
is  especially  true  for  c  3  where  values  from  less  than  10-16  to  about  icf12af2/  have  been  measured,  only 
recently,  optical  devices  for  measuring  IR  were  devmlappsd  and  applied  systematically  (Ochs  and  Hill,  1985; 
Azouiay  at  al. ,  1988;  Thiemann  and  Azoulay,  1989) .  Values  from  3  am  up  to  about  10  am  and  mono  have  boon 
found. 

Having  the  above  merit ianad  variability  in  mind  one  understands  the  importance  of  a  tool  for  pedicting 
reftectivity  turfaulancs  at  a  given  location  and  weather.  Sines  even  the  temporal  variability  at  a  certain 
location  is  very  hitfi,  the  simple  .waist* Ion  of  climatological  averages  is  not  satisfying  in  most  cases. 
Different  prediction  models  have  been  developed,  up  to  now  being  restricted  to  Cn3  or  to  the  in  practice 
mostly  equivalent  structure  aonetant  of  tauparatura  fluctuations  C^,3.  A  group  of  models  predict  the  height 
profile  of  CR3  with  the  help  of  statistically  from  regression  analysis  derived  equations  based  cn  a  set  of 
meteorological  input  dote  (e.g.  Eaton  st  al. ,  1985) .  Even  though  these  models  seam  to  be  very  successful  at 
first  view,  an  extrapolation  to  other  locations  than  the  one  whore  the  Initial  experiments  ware  carried  out 
is  problematic. 


A  batter  way  is  to  relate  the  quantities  of  interest  to  atmospheric  turbulence  theory  which  has  always 
treated  pi  oblims  of  deriving  turbulence  structure  from  less  ocsplex  weather  data.  There  are  in  principle 
three  way*  of  doing  this:  the  quantities  can  first  bs  related  to  local  gradient*,  as  the  Ridiardecn  amber, 
Second,  they  can  be  related  to  the  dissipation  rates  of  turbulent  kinetic  energy  and  temperature  variant*, 
and  third,  throu^i  Honin-Oboukhov  (MD)  eimilarlty  to  the  height  above  ground  and  the  turbulent  flume  of 
heat  and  aoeontui.  For  c* ,  the  first  method  was  invented  by  Tsvang  (1960) .  The  second  method  was  used  by 
Wasaly  and  Alcaraa  (1973) .  The  last  method,  initially  proposed  by  Wyngaard  et  al.  (1971) ,  is  usod  hero.  It 
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can  be  regarded  as  the  most  direct  one,  barauae  height  profiles  result  directly  fran  JO  similarity  and 
because  the  otherwise  necessary  derivation  of  local  gradients  or  dissipation  rates  would  meetly  be  based  on 
JO  similarity  itself. 

Application  of  MO  similarity  esquires  knowledge  of  the  turbulent  fluxes.  These  hove  to  be  obtained  through 
parameterization^  from  available  data.  The  set  of  available  data  is  often  quite  limited  and  not  covering 
quantities  like  soil  heat  diffusivity  and  beat  capacity  etc. ,  which  are  explicitly  required  in  models  found 
in  the  literature  (e.g.  nmkal  and  Halters,  1983) .  We  tried  to  keep  in  mind  the  limited  data  base  of  a 
potential  model  user. 


The  considerations  shall  ha  limited  to  temperature  fluctuations.  Humidity  fluctuations  can  be  treated  in  a 
similar  way  because  both  potential  temperature  and  hunidity  are  passive  conservative  scalars  and  the  re¬ 
spective  diffusivitiss  do  not  differ  such.  For  the  structure  constant  we  have 

Cn2  -  c-!2  (P/r2))2  cf  (i) 

where  aL  is  about  79-  lo'"'5  hftyTC  toe  the  visible  and  IR  windows,  p  is  the  atmospheric  pressure  and  T  is  the 
temperature  in  K.  We  assume  the  inner  scales  of  refractivity  1  and  tarparature  ^  to  be  equal  (neglecting 
a  shift  due  to  hunidity,  90s  Hill,  1978a) : 


2n"  V 


(2) 


The  HD  similarity  equations  used  are  those  given  by  wyngaard  (1973) : 
cv 2  *2/3 

- - 5—  -  4.9  (1  -  7z/L)-2/3  for  z/L  <  0, 

V 


CL2  z2/3 

T  Z  2/3 

- = —  -  4.9  (1  +  2. 4 (z/L}  ] 


for  z/L  >  0, 


(3a) 


(3b) 


and  ihiurmann  and  Azoulay  (1989) : 

1,  «.V4 _ ™ _ 

(ta)1/'V/'4  (1  -  0.6 z/L)1/* 

Irq  U3/* _ 7.4 

(kz)  V*v  3/4  1  +  0.7  (z/L) 1/4 


for  z/L  <  0, 


for  z/L  >  0. 


(4a) 

(4b) 


z  is  the  heigth  above  ground,  Tt  -  -Cq/u*  is  the  temperature  scale  where  0o  is  the  surface  temperature  flux 
and  ut  is  the  surface  friction  velocity  (square  root  of  ncmartUn  flux) ,  L  «■  -(u#3  T)/(k  g  Q0)  is  the 
Mcnin-Ctoukhov  length  where  k  is  the  von  Karmen  constant  (0.4)  and  g  is  the  gravitational  acceleration.  V 
is  ths  klrwatlc  viscosity  of  air  (1.46* lo-5  m2/s  at  standard  temperature  and  pressure). 

The  range  of  validity  of  ths  above  mquatii  ns  is  of  course  restricted  to  situations  where  mo  similarity 
applies.  This  is  in  a  strict  sense  only  In  ths  surface  layer  under  temporally  stationary  and  spatially 
homogantous  conditions.  The  surface  layer  nay  be  defined  by  s  i  |l>{ .  Above  ths  surface  layer  we  find  during 
day  (unstable  dansitity  stratification,  z/L  <  0)  the  so  colled  free  convection  layer,  where  u*  is  no  longer 
a  scaling  variable.  Ths  asysptofcic  behavior  of  Bqs.  (3a)  is  such  that  for  z/L  -  -»  (through  vanishing  u„)  ws 
get  tba  appropriate  tree  convection  scaling.  Evan  though  the  turbulent  fluxes  of  beat  and  mcmantun  already 
decrease  nutioably  for  z  >  L,  the  ippsr  validity  limit  of  a  scaling  expression  similar  to  Eq.  (3a)  was  found 
by  many  investigators  (Frisch  and  Ochs,  1975;  Kaimal  at  al. ,  197 (it  tfyngaazd  and  UMons  ,1980)  to  reach  a 
height  where  sntraln— it  offsets  bstwean  ths  boundary  layer  and  tha  flea  atmosphere  start  to  play  a  role. 
This  is  at  about  half  ths  hel^it  of  ths  boundary  layer  over  land,  typically  at  several  hundred  asters  for 
days  with  strong  surface  heating  after  ths  morning  hours.  Ths  asysptotio  behaviour  of  Eq.  (4a)  in  tha  limit 
z/L  -»  -«  (u„  -»  0)  is  such  t  hat  1^  bsoostss  »  constant.  This  corresponds  to  a  more  or  less  constant  dissipa- 
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ticn  rate  (sea  Bq.  (ll))  in  the  free  convection  layer  ae  observed  by  many  reeeanehers  (Lenechow,  1974; 

Kainal  at  el.,  1976;  Guillemet  at  al.,  1983).  According  to  their  results,  the  height  limit  of  Bq. (4a) 
should  not  be  lower  tlwn  that  of  Bq.  (3a) . 

At  night  the  stable  daneitity  stratification  (a/L  >  0)  tends  to  clasp  vertical  turbulent  transport,  and  the 
surface  layer  often  does  not  cover  more  than  the  lowest  several  asters.  In  general  the  fluxes  are  aeeiwrt 
to  decrease  sore  or  lass  well  defined  with  a  power  of  (1-s/h)  where  h  is  the  height  of  the  nocturnal  boun¬ 
dary  layer.  Nisuwetadt  (1984)  however  has  shown,  that  local  M3  similarity  based  on  (the  smaller)  local 
flumes  01  and  instead  of  surface  flumes  Q0  end  u,  still  applies  abcvs  the  surface  layer.  Sorb j an  (1986) 
postulated  that  the  fora  of  the  M3  functions  for  local  scaling  is  the  earns  as  far  surface  layer  scaling. 
This  would  lead  to  the  fact  that  the  errors  which  occur  in  the  application  of  Bqs.  (3b)  and  (4b)  when  lea¬ 
ving  the  surface  layer  are  net  very  drastic.  Additionally  C^2  is  scaled  in  the  stable  limit  by  a  ratio  of 
flumes:  Both  flumes  decrease  with  height  and  ocepansate  partly.  (Up  to  now  it  is  not  clear 

wether  Q^' 3  or  decreases  Bare  rapidly  with  height  or,  in  other  wards,  wether  C^2  decreases  or  in¬ 
creases  near  the  top  of  the  boundary  layer,  sea  also  cuijpare  and  Kheiak,  1989.)  1^  varies  in  the  stable 
limit  with  0/~^*  which  results  in  an  srror  of  less  than  20t  if  (h  is  Of/ 2.  For  practical  purpose  we  are 
thus  allowed  to  stress  also  Bq  .  (4b)  to  seme  extend  into  the  boundary  layer,  and  wa  might  reach  heights  of 
several  tenths  of  meters  under  moderate  winds  and  sven  greater  heights  under  stronger  winds.  Tor  both,  C^2 
and  1^,  low  wind  conditions  recoin  very  problematic  dm  to  the  extremely  rapid  decay  of  the  fluxes  with 
height  and  the  enhanced  importance  of  radiative  processes,  thus  wa  cannot  expect  to  obtain  reliable  results 
from  Bqs.  (3b)  and  (4b)  here. 

The  problems  of  statianarity  and  homogeneity  are  very  difficult  to  deal  with.  With  regard  to  stationarity, 
we  fortunately  observe  the  turbulent  time  scale  typically  nuch  smaller  than  the  time  scale  of  flux  varia¬ 
tions.  Hence  we  will  usually  hove  the  lower  boundary  layer  to  be  sufficiently  stationery  to  apply  HD  sca¬ 
ling.  Periods  of  strong  instaticnarity  generally  occur  every  day  at  least  twice:  after  sunrise  and  before 
sunset,  whan  the  direction  of  the  temperature  flux  changes  sign.  During  these  periods  wa  additionally  find 
the  vertical  extension  of  the  required  constant  flux  layer  to  be  very  limited,  This  causes  problems  espe¬ 
cially  at  greater  heights.  Bor  most  practical  applications,  however,  we  expect  all  thaw  affects  to  be  of 
limited  importance,  because  measuremaits  have  shown  that  the  transition  periods  are  characterized  by  typi¬ 
cally  low  reflectivity  turbulence  levels. 

Inhamoganaity  at  a  turbulent  field  mainly  results  from  inhemoguneitiss  of  the  underlaying  surface  with 
respect  to  roughness  or  temperature.  Examinations  of  inhumegeneity  effects  on  turbulanoe  have  been  made  for 
near  neutral  stratification  by  several  authors  (e.g.  Rao  at  al. ,  1974) .  Tha  required  length  scale  far 
horizontal  homogeneity  of  surface  characteristic*  was  found  to  be  about  hundred  times  the  considered 
height.  Such  surfaces  are  in  reality  rarely  found. 

Let  us  get  an  lrpr— lion  of  the  effects  of  horizontal  mean  potential  temperature  Inhcmoganaity  on  C^2 , 
Temperature  fluctuations  are  generated  by  the  interaction  of  turbulent  motion  with  the  gradient  of  poten¬ 
tial  temperature.  During  day  the  vertical  gradient  of  potential  temperature  decreases  with  height  and 
reaches  an  order  of  magnitude  of  typically  lo"3  K/a  at  loom  altitude.  Ibis  does  not  sown  to  be  much,  tut  in 
the  horizontal  a  gradient  of  mean  temperature  of  10~3  H/m  -  1  K/km  or  more  is  rare.  Thus  the  potential 
temperature  gradient  can  be  asm  wed  to  be  in  the  vertical  and  to  he  unaffected  by  horizontal  inhomogeneity. 
Only  in  a  few  extreme  oases,  e.g.  near  the  coast  line,  we  expect  stronger  effects.  At  night  tha  vertical 
gradient  is  usually  stronger  than  during  day,  so  tha  situation  is  even  better. 

Fbr  estimating  refractivity  turbulanoe  over  Inhomogeneous  terrain  in  practio*  wa  can  either  use  average 
ground  properties  or  better  mdea  worst  case  calculations  which  should  sufficiently  give  a  range  of  possible 
values.  Ha  will  later  derive  the  model  output  sensitivity  to  surface  parameters.  If  the  sensitivity  to  one 
parameter  is  low,  wa  also  expect  a  low  sensitivity  to  inhcnogeneitles  of  this  parameter. 

The  effect  of  topography  Is  mother  point  wa  have  to  disci. we.  At  daytime  and  above  a  certain  height,  con¬ 
vection  is  most  important  for  producing  temperature  und  velocity  fluctuations,  lbs  strength  of  convection 
mainly  depends  on  the  surface  tspeatiae  flux  which  is  quite  indspendmit  of  the  shape  of  the  underlying 
surface.  Thieraem  and  totals  (1988)  have  ehcwr  that  even  in  the  very  extreme  topography  of  a  mountain 
valley,  Bq.  (3a)  givee  acceptable  estimates.  He  are  teaptsd  to  ganaraliza  these  results  also  to  Bq.  (4a)  even 
though  wa  do  not  have  any  measurements.  At  ni^it,  turbulent  friction  is  tlta  most  irportant  machanim  for 
producing  velocity  fluctuations,  viiich  than  prod  ice  temperature  fluctuations  thrcujfi  the  vertical  tempe¬ 
rature  gradient.  Turbulent  friction  depends  on  wind  shear  aid  stability,  and  wind  and  temperature  profiles 
are  oosplex  over  non-flat  terrain  (e.g.  Brost  and  Hyngaard,  197a) .  For  practical  applications,  however, 
results  mbgit  still  bs  used  in  seme  cases,  given  data  for  a  local  flux  estimate  ate  available.  Hu  assuae 
that,  if  tha  nearest  elevation  is  further  then,  say,  100- r,  we  should  have  something  like  locally  flat 
terrain.  Or,  if  the  height  of  upwind  elevations  witliin  a  distance  of  100-s  is  lees  than,  say,  o.i*r  we 
could  treat  these  elevations  as  roughness  elements. 
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3.  Flu*  BaaaftaickatiflM 

E qs.  (3)  and  (4)  ralata  c/'  and  to  tha  surface  fluxes  of  haat  and  mcmantua.  ms  uaad  psi—fasrliatitzm  of 
theca  fluHaa  are,  little  modified,  those  of  lhiemam  and  Kchnle  (1988) .  Ha  aanantm  flux  folloua  from  tha 
integrated  flux  profile  relationship  (Paulson,  1970;  Dyer,  1974) : 


k  u 


where 

*  -  2  ln[(l  +  y)/2]  +  ln[(l  +  y?)/2]  -  a  tan-3y  +  */2 

y  -  (l  -  leayi)1^*  for  <  o 

and 

♦  ■  ”5  *^L  for  M^L  >  0  . 


The  needed  input  data  are  the  windepeed  u  measured  at  the  haicjftt  *u  and  the  surface  roughness  length  *  . 
The  temperature  flux  CQ  Is  estimated  as  follows. 

For  daytime  a  slightly  simplified  version  of  tha  parameterization  adteme  of  Holtelag  and  Van  ulctan  (1983) 
provides  o0  from  solar  irradiation  R,  surface  albedo  A,  ground  timidity  parameter  a  and  tlm  temperature 
dependent  temperature  derivative  of  saturation  specific  humidity  s  -  dqydT: 


n  a 

0 - (1 - )  (1  -  A)R  -  0  .  (6) 

cj/  1  +  V* 

1  is  the  ratio  of  the  specific  haat  of  air  at  constant  pressure  to  the  latent  haat  of  water  vapour  a /r  ,  p 
is  tha  air  density,  and  t)  and  ft  are  empirical  constants.  For  T)  and  0  we  choose  0.9  and  20  W/m2  respective¬ 
ly-  Tim  humidity  parameter  o  is  1  over  wet  surfaces,  including  midlatitude  grassland,  and  0  over  dry  sur- 
faoas  like  deserts.  Intermediate  values  must  be  taken  for  partly  vegetation  oovared  terrain.  'Ihe  principle 
of  Eg.  (6)  is  an  energy  hnlame  consideration,  me  system  is  driven  by  the  absorbed  fraction  of  the  solar 
irradiation  (1  -  A)R.  Part  of  this  leaves  the  surfaces  via  IR  radiation  or  ground  haat  conduction,  the 
factor  n  and  tha  offset  0  account  for  that.  Following  tha  Reman  concept  of  etpiilihrium  evatranepiration, 
the  remaining  energy  is  partitioned  between  sensible  heat  flux  HQ  -  c  p  Qq  and  latent  haat  flux 
£0  “  rw  Ho'  a*“t"  Wp  is  tha  surface  water  vapour  flux,  lie  temperature  dependence  of  tha  eensibla  heat  flux 
fraction  for  Q  -  1  in  Bg.  (6)  is  shown  in  rig.l.  A  passible  large  reduction  of  the  sensible  heat  flux  due  to 
grtund  humidity  can  be  sewn,  especially  far  higher  sir  temperatures . 

mis  parameterization  still  contains  the  solar  irradiation  explicitly  as  a  parameter,  even  though  it  cannot 
be  considered  to  belong  to  standard  weather  data.  However  there  is  a  variety  of  estimation  schemas  f or  R  in 
tha  literature,  mainly  in  tame  of  astronomical  parameters  and  rltairi  cover.  It  is  not  our  goal  to  inprovo 
such  estimation  technitjms,  the  reader  should  refer  to  Itoltslag  and  Van  Uldon  (1983)  or  others. 

A  difficult  task  is  tha  parameterization  of  tha  nitfittime  temperature  flux,  mere  is  a  complex  equilibrium 
at  the  surface  between  ground  heat  storage,  the  processes  of  radiative  aaoling,  latent  cooling  or  heating 
(due  to  evaporation  car  deer  production) ,  ground  haat  conduction  and  aeraibla  turbulmrt  heat  flux.  Nona  of 
these  processes  is  generally  dominant  making  aizplc  assumptions  on  the  energy  balance  impossible.  Our 
approach  to  prooeed  here  is  trying  to  Isolate  the  effect  of  one  important  parameter;  the  wind  speed.  At 
ni</tt,  the  wind  shear  is  driving  the  tenperature  flux  against  the  bcuyansy  forces.  To  see  which  functional 
dependant*  oi  wind  speed  0Q  has,  we  examine  the  dependence  of  g  on  u,  in  Bg.  (5)  for  z  /L  >  0.  He  see  that 
there  is  a  maxima  value  of  possible  0Q,  which  is  in  tern  of  u,  «u  arri  zQ: 

Oo.  -  c  u3  (7) 

with 

4  k2  T 

27  5  zug  (bKZy/Zg)]2  ' 


a 
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Fig.l.  Rartitiuning  between  asneihla  and 
latent  hast  flux.  Teaperature 
dependence  of  the  factor 

[1  -  V(l+Y/«)]  In  Ed.  (6). 


(Hie  derivation  cf  Eq.  (7)  is  band  on  ecme  premises  which  are  not  fully  true  under  real  conditions.  However 
a  discussion  of  this  would  be  beyond  the  scape  of  this  paper. )  An  axanpla  of  an  observed  wind  speed  depen¬ 
dence  of  0  is  given  in  Fig.2,  Here  0Q  is  obtained  by  an  optical  measurement  of  C^,2  and  a  measurement  of 
wind  velocity  vis  Eqs.  (3b)  and  (5)  with  a  known  roughness  length.  The  upper  curve  rapmetita  Eq.  (7) .  We  aae 
that  for  lew  wind  velocititiee  the  measured  0Q  is  very  close  to  the  one  predicted  by  Eq.  (7) .  (The  fact  that 
the  "maximum  possible"  0Q  is  obssrved  undtr  low  wind  conditions  might  bs  expl  ained  by  a  negative  feedback 
machanisu  near  the  turbulence  collapse  involving  the  whole  lower  boundary  layer.) 

It  is  clear  that,  if  the  wind  speed  gom  to  infinity,  0Q  can  not  increase  further  with  u3  because  this 
would  force  a  contradiction  with  energy  balance  considerations.  It  is  even  plausible  that  the  u  dependence 
of  0O  reaches  more  or  less  early  Maturation,  since  under  strong  winds  and  near  neutral  conditione  it  is 
especially  the  IR  radiative  flux  ocaponent,  which  limits  Qq.  Hus  uppar  limit  of  the  sensible  heat  flux 
tfcmax  “  Cp'p'®crmx  “hail  **  *n  •epirioal  parameter  end  enter  the  parameterization  equation  in  a  way  that 
prwidua  a  smooth  transition  from  the  low  wind  to  the  saturation  regime,  such  as: 


Oo 


c  u 


3 


<e) 


The  value  of  mainly  depends  on  the  radiative  situation  and  the  ground  heat  conductivity.  Hhencroena 
vhich  reduce  sur.'aoe  oooling,  like  cloud  cover,  high  air  humidity,  or  hitfi  ground  conductivities  (moist 
ground)  lead  to  lew  values  of  Clear  sky  in  a  dry  atmosphere  over  wall  isolated  ground  (desert) 

should  give  the  highest  values  o.t'  We  don't  have  systematic  measurements  but  we  expect  low  values  for 

clcwd  covered  sky  of  about  5  to  in  W/£*  and  high  values  for  clear  sky  of  20  to  100  W/m2  depending  on  air 
humidity  and  soil  type.  In  Fig.2,  Eq.  (8)  is  drawn  in  for  three  values  of  The  measurements  were  taken 

under  clear  sky  (Happen  experiment,  see  next  section) .  ibe  curve  oorroepcnSiig  to  equal  -40  w/m2  fita 
the  points  reasonably  wall. 


Fig. 2.  Wind  ^iinrl  dapandenoe  of  nocturnal 
teeperatura  flux  Qg.  Crosses  (knots 
measurements,  curves  are  Eqe, (7)  and 
(8). 


wind  ip*«4  u  In  */■ 
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4.  fYnruHa™  with 

Data  taken  during  the  turbulence  experiment  in  Mtappen  (northern  P.R.  Germany)  in  late  sumner  1988  were  used 
to  ocapar*  model  predictions  of  C^2  and  lfj  with  measured  value*.  The  experiment  in  described  in  Thienaam 
and  Azoulay  (1989) .  The  experimental  site  was  flat  agricultural  land  with  single  groups  of  trees  at  di¬ 
stances  of  150m  and  more.  At  a  hai£it  of  2a,  C^2  and  ln  war*  measured  by  a  bichrcnatia  eointll  lemeiter.  The 
evaluation  of  the  optical  data  wea  baaed  on  tha  turbulence  apectrtm  of  Hill  (1978b) .  Additionally,  at 
height*  of  48m  and  8Ca,  a  meteorological  tower  was  equipped  with  ultrasonic  onmaaaatar  theraanatara  taking 
tpoctra  of  tanparature  *T(r)  and  velocity  ♦ui(*i)  which  ware  related  through  Taylor's  hypothesis  to  the 
spatial  wavenumber  K.  Fran  these  spectra  wa  ccnputed  C^2  and  tha  dissipation  rate  f  using  tha  inertial 
subrange  exprecaiono: 

#t(K)  -  0.25  Qj,2  K~*/3  (9) 


and 


♦^(K)  "  (4/3)  au  4 2/3  K-573  .  (10) 

The  Kolmogorov  constant  was  chosen  to  be  0.5  following  Champagne  at  al.  (1977) .  The  dissipation  rata 
finally  was  related  to  the  lunar  scale  via  (Hill  and  Clifford,  1978) : 

ln  "  JT  "  7-4  (~i/A  •  (11) 

In  parallel  to  the  turbulence  measurements,  low  resolution  data  of  all  basic  meteorological  quantities  ware 
recorded.  Wind  speed  at  2m  height  and  solar  irradiation  were  used  as  model  input.  The  roughness  length  z 
was  determined  from  the  wind  profile  to  be  9nm  and  tha  albedo  A  was  measured  to  be  0.2.  Tha  ground  humidity 
parameter  a  was  estimated  to  be  0.7  except  after  rain  when  it  was  set  to  1. 

Time  series  of  solar  irradiation  and  wind  speed  during  the  nonpar!  sen  period  of  about  four  and  a  half  days 
are  shown  in  Figs. 3  and  4.  The  time  scale  is  given  in  days  (date)  and  flat  number*  correspond  to  midnight 
according  to  local  time.  The  first  day  was  prevailingly  cloudy  with  occasional  rain  showers,  the  second  day 
was  characterized  by  broken  clouds,  and  the  last  two  days  were  nearly  constantly  sunny.  Nights  were  clear 
in  most  cases  and,  as  Fig. 2  suggested,  we  fixed  //0nax  to  -40  W/m2.  The  wind  speed  ranged  during  day  from 
about  2  to  5  n/a  and  during  night  from  around  1  to  3  m/a,  except  during  the  third  night  which  for  many 
hours  did  net  show  any  measurable  wind  velocity. 

In  Fig. 5  the  model  prediction  of  C^,2  at  heights  of  2m  (upper  curve)  and  48a  (lower  curve)  is  given.  This 
prediction  is  baaed  on  10  min  means  of  the  input  parameters  and  the  output  has  been  smoothed  by  a  sliding 
30  min  average.  Optically  (at  2m)  measured  values  of  C^2  are  marked  by  circles  (10  min  means)  and  tower 
measurements  (at  48m)  by  stare  (30  min  naans) .  Periods  of  missing  symbols  correspond  to  times  where  the 
optical  system  was  not  operated  or  the  wind  direction  was  such  that  tower  flow  distortion  could  not  be 
excluded. 


Predict  lone  and  meamrananta  show  good  agreement.  Discrepancies  oocured  at  48m  mainly  in  the  morning  or 
evening  hours  when  the  staticnarity  requirement  was  not  fulfilled  (sea  Section  2) .  It  la  interesting  and  of 
considerable  importance  for  applications  that  Airing  these  inetationarity  periods  C did  not  significantly 
sNcead  the  values  before  or  after  these  periods.  Generally  we  see  values  of  CL2  near  the  ground  during 
eutwy  days  about  one  order  of  magnitude  larger  than  during  ni#it.  At  48m  we  find  less  variation  between  day 
and  ni^it.  The  lowest  values  were  observed  during  the  first  day  there  the  sky  was  cloudy  and  tha  ground  was 
wet.  Cloudy  nix£its  hove  not  been  examined. 

fig.  6  amperes  model  predictions  of  ln  with  measured  values,  now  for  2u  (lower  curve)  and  80m  (upper 
curve) .  Again  there  1s  e.  good  general  agreement  between  nodal  prediction  and  measurement  except  for  tha 
inetationarity  periods.  At  2m  we  observed  inner  seel*  values  between  3mn  and  6cm  during  day  and  between  Stan 
and  ftaa  during  night.  As  for  C^2,  tha  magnitudes  itself  ore  of  minor  importance  coopered  to  the  fact  that 
tha  modal  predicts  these  values  quite  wall.  Different  enviranaantal  parameters  oould  lead  to  quite  diffe¬ 
rent  results.  At  Baa,  values  between  8am  aid  2 Qua  oocured.  In  tha  calm  night  we  determined  values  even 
qp  to  about  50aa.  Hare  the  model  is  principly  in  doubt:  (see  section  2) .  Also  the  moosumants  cannot  be 
regarded  with  too  *zxh  confidence  here,  because  tha  wind  fluctuations  in  tha  undisturbed  flow  are  very 
■sail  and  sensor  flow  distortion  might  have  a  large  effect.  Such  affects  would  leml  to  too  Mali  values  of 
derived  1R,  eo  we  can  rather  expect  ever  higher  values  of  ln  in  tha  undisturbed  flow. 


19-8 


Fig.  7.  Differential  error  multiplier  of  C^2 
with  respect  to  Qq  and  u4 


Fig. a.  Seine  as  Fig. 7  but  for  the  inner  scale 


5.  Model  SewdHvlt-y 

Ihe  oonparisuns  above  were  made  for  quantitatively  well  characterized  envircnoent,  all  meteorological  input 
data  and  surfaoe  parameters  were  carefully  determined.  However,  we  often  don't  know  exactly  how  large  the 
roughness  length  or  the  wind  speed  really  is  or  if  the  ground  is  rather  dry  or  wet,  etc. .  This  is  because 
we  might  have  to  predict  input  parameters  in  time.  Moreover  natural  surfaces  are  never  homogeneous,  so  we 
have  to  extrapolate  spatially.  And  even  if  wa  want  to  make  a  model  run  for  'here  and  now' ,  we  often  have  to 
eetinate  many  input  quantities  because  their  measurement  is  ocnplicated  or  not  possible  at  the  moment.  In 
general,  the  model  input  parameters  are  chosen  to  be  as  few  as  possible  and  as  'easy  to  guess'  as  possible. 

But  ease  of  them  are  more  important  than  others  for  a  certain  application.  To  see  the  weight  of  the  diffe¬ 
rent  input  parameters  we  examined  the  respective  model  response. 

Sane  general  features  can  be  understood  when  analysing  the  sensitivity  of  the  similarity  equations  (3)  and 
(4)  to  changes  in  heat  and  mamentun  flux.  Even  though  the  uncertainty  of  these  fluxes  might  be  quite  large, 
it  is  helpful  to  look  at  small  changes  via  the  derivatives  of  Ega.  (3)  and  (4)  with  respect  to  Q  and  u4. 

Fig. 7  gives  the  differential  error  multipliers  of  C^2  with  respect  to  0Q  and  u4,  i.e.  the  fractional  (or 
relative)  error  in  C^,2  divided  by  the  fractional  errors  in  and  u4  respectively,  as  a  function  of  non- 
dimensional  height  Z/L.  Wa  see  that  the  sensitivity  to  changes  in  Q_  is  not  too  different  for  all  heights 
and  does  not  even  differ  very  much  under  stable  and  unstable  conditions.  The  value  of  the  error  multiplier 
is  about  2.  The  friction  velocity  on  the  other  hand  has  a  totally  different  influence  during  day  and  night. 

During  day,  if  we  are  not  too  close  to  the  ground,  the  effect  is  negligible.  At  night  the  error  nultiplier 
is  in  the  region  -3  to  -4,  which  is  considerable.  u4  and  -Qg  are  positively  correlated  for  fixed  and 

varying  u  (Eqs. (5)  and  (8)),  so  the  respective  error  multipliers  cancel  partly.  For  fixed  u  and  varying 
Homax  hcwavor»  they  are  antioorrelated  (Eq.(S)),  which  will  result  in  a  strong  dependence  of  Qj,2. 

The  error  multipliers  of  the  inner  scale  aru  demonstrated  in  Fig. 8.  They  all  have  negative  sign.  This  means  j 

an  overestimation  of  the  absolute  fluxes  always  leads  to  an  underestimation  of  1^.  The  importance  of  the 
friction  velocity  is  always  larger  than  that  of  the  heat  flux  except  for  very  large  values  of  -z/L.  The 
value  of  the  error  multiplier  with  respect  to  is  typically  around  0.5  and  decreases  for  higher  in¬ 
stability  os  the  00  inpact  Increases.  ] 

The  next  four  figures  explicitely  shew  the  model  dependence  on  the  dynamic  irput  quantities  u  and  J?  for 
daytime  in  Figs. 9  and  10,  and  u  and  lf(i  for  nighttime  in  Figs, 11  and  12.  one  set  of  parameters  B  and 
W0max  hauB  b02tl  cho®an  for  cloud  fra*  (fl  “  800  W/m2,  -  -40  W/m2)  and  cne  for  cloudy  conditions 

(B  -  200  W/m  ,  -  -10  W/m2) .  Tha  amputations  were  done  for  two  heights:  2m  and  50m.  All  other  model  , 

Input  quantities  ware  fixed  at  the  values  used  in  the  above  experimental  verification. 

For  Op2  tha  radiative  situation  is  very  important  at  all  altitudes.  At  night  this  ckmLnates  even  the  height 

dependence.  The  cloud  free  end  cloudy  cases  differ  by  up  to  one  order  of  magnitude  during  day,  and  even  I 

more  at  night  if  the  wind  speed  is  not  very  low.  Tha  effect  of  the  radiative  situation  on  the  inner  scale 
is  very  weak  at  night  tut  of  importance  during  day  for  lower  and  moderate  winds,  especially  at  greater 
altitudes.  The  wind  speed  is  quits  unimportant  for  C^,2  during  day.  Only  very  close  to  the  ground,  we  ob¬ 
serve  a  noticable  decrease  with  increasing  u.  At  night,  in  contrast,  the  wind  speed  dependence  is  remarka¬ 
ble  at  all  heights.  For  vary  low  winds  C^2  is  predicted  to  be  very  small  and  to  increase  very  rapidly  as  u  ; 

increases.  A  maximum  is  readied  at  about  2  ay's  followed  by  a  moderate  slope  down,  sucti  n  behaviour  was  ? 

already  qualitatively  observed  and  reported  by  Ryznar  (1963) .  The  position  and  shape  of  the  maximum  depends  ’ 

' 
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only  *11* jtly  on  tf^,v  and  altitude.  Tho  h*l*it  variation  of  la  strongest  Airing  day:  we  count  up  to 
two  oadat*  of  mo^utuae  decrease  fra  2b  to  5C*.  At  night  this  la  leas  than  half  of  it.  The  hei*it  varia¬ 
tion  of  the  inner  scale  is  rail  far  law  wind*.  Under  stronger  winds  we  observe  a  factor  of  two  increase 
frcn  2b  to  50*.  At  2b  the  largest  values  of  Cj,2  occur  on  acmy  cala  days,  vhereas  at  50m  the  maxima  pos¬ 
sible  daytime  arri  nighttise  values  do  net  differ  very  *xh.  The  seal  lent  values  of  ln  can  be  fond  under 
strong  winds  day  and  ni*it,  the  largest  values  during  coin  ni*ita. 

m  the  following  figures  we  investigate  the  importance  of  the  static  input  parameters:  zQ,  A,  a  and  T.  We 
have  selected  variation  ranges  of  these  quantities  according  to  typical  uncertainties.  The  uncertainty  in 
the  roughness  length  zQ  night  be  large  because  rQ  is  hard  to  estimate  and  difficult  to  ceaarre.  We  allowed 
*0  to  be  in  the  range  Sen  to  5cn.  The  albedo  A  was  varied  between  0.1  and  0.4  vAilch  correspends  to  dark  and 
bright  soil  respectively,  and  the  surface  humidity  parameter  a  was  varied  frcn  0.5  to  1,  all  still  midlati- 
tude  values  e.g.  for  dry  and  moist  vegetation.  A  tenperature  change  of  10  K  was  finally  considered.  The 

oenputatiore  are  done  for  the  "cloud  free  sky"  values  of  R  and  ffn _ .  As  a  measure  of  the  model  sensitivity 

to  the  respective  changes  we  use  the  relative  response  defined  as 

*  “  (JW  +  W '  (12> 

2 

where  xmav  and  are  the  respective  maximum  and  minimis  values  of  C^,  or  J n- 

Cccparing  the  effects  of  the  variations  in  all  four  parameters  for  daytime  Cj.2  in  Fig.  13,  the  dominance  of 
the  surface  humidity  parameter  a  is  striking.  A  change  of  the  lower  limit  to  the  desert  value  of  u  =  0 
could  lead  to  an  order  of  magnitude  variation  in  C^,2.  This  is  the  main  reason  for  the  often  reported  diffe¬ 
rence  between  values  in  the  desert  and  the  simmer  midlatitudes.  Pupated  to  the  effect  of  a  that  of  the 
albedo  is  in  practice  nearly  negligible.  The  temperature  is  mainly  important  through  its  effect  on  s  in 
Eq.  (6)  according  to  Fig.l.  Hence  a  rough  knowledge  of  tenperature  is  necessary  over  wet  ground,  tut  10  K 
uncertainty  is  not  enough  to  have  noticable  consequences.  However  a  tenperature  higher  than  the  290  K  used 
here,  would  lead  to  an  even  larger  effect  of  a.  In  that  way  a  becomes  especially  important  far  high  tespe- 
ratures.  A  significant  effect  of  a  change  in  zQ  can  only  be  observed  at  2m  for  at  least  moderate  wind 
speed.  The  magnitude,  however,  is  even  here  lower  than  the  overall  effect  of  the  other  oontritetions. 
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Fig. 9.  Example  of  a  wind  speed  dependence  of 
model  Qj,2  at  2m  and  5Qm  height  for  a 
sunny  and  a  cloudy  day. 


Fig. 11.  Same  as  Fig. 9  but  far  a  clear  arri  a 
clc/jdy  ni*it. 


Fig. 10.  Same  as  Fig.9  but  for  model  ln. 


Fig. 12.  Sense  as  Fig.  10  but  far  a  dear  arri  a 
cloudy  night. 
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Fig.  13.  Sensitivity  of  daytime  model  Cj,2  to 
static- input-parameter  variations. 
Relative  response  X  defined  in  Eq.  (12) . 


Fig.  15.  Sensitivity  of  nighttime  mndpi  c^,2  and 
ln  to  roughness  length  variation. 
Relative  response  X  defined  in  Eq.  (12) . 


Fig. 14.  Same  as  Fig. 13  but  for  1  . 
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Canparing  Figs.  7  and  8  it  is  clear  that  the  relative  importance  of  the  parameters  effecting  0Q  for  daytime, 
i.e  or,  A  and  T,  is  much  lower  for  the  inner  scale  than  far  C^,2.  Unis  for  analysing  the  inner  scale  sensi¬ 
tivity  we  reduce  this  set  of  parameters  to  the  most  important  one:  a.  (The  effect  of  A  and  T  might  be 
estimated  as  a  fraction  of  that  of  a,  as  it  can  be  seen  in  Fig.  13)  In  Fig.14  we  find  two  regions:  a  low 
wind  speed  region  where  a  is  most  important  and  a  moderate  to  high  wind  speed  region  wtere  zQ  dominates. 

U*a  transition  wind  speed  increases  with  increasing  altitude.  However,  it  should  be  noted  that,  if  we  sunme 
tp  the  uncertainties,  it  is  unlikey  to  exceed  about  ±20%. 

At  night,  the  only  relevant  static  parameter  is  z^.  The  sensitivity  of  Q ^  and  to  z0  is  shown  in  Fig.  15. 
There  is  a  response  minimum  of  C^2  to  variations  in  zQ  at  a  wind  speed  little  below  2  ay's.  A  considerable 
sensitivity  can  be  found  especially  for  higher  wind  speeds.  The  response  of  the  inner  scale  to  zQ  is  quite 
independent  of  wind  speed.  Its  magnitude  is  close  to  that  of  the  daytime  1  uncertainty. 


6.  Ctrelusicn 

It  was  demonstrated  that  a  ocnbination  of  Hxiin-ObouXhcv  similarity  expressions  with  simple  flux  paramete- 
rizaticns  can  provide  very  useful  predicitcns  of  c  2  and  2n  in  the  lower  boundary  layer  under  natural 
conditions.  Considerable  experimental  disagreement  between  model  prediction  and  measurement  occurod  only  at 
greater  heights  in  the  morning  and  early  evening  hours,  when  the  turbulence  system  changed  between  daytime 
and  nighttime  regime.  However  C2  and  2  did  not  show  ary  extreme  values  here.  Problematic  are  nighttime 
low  wind  situations  from  both,  the  measurement  and  the  modelling  point  of  view.  2n  values  up  to  5&mi  have 
been  observed  here  at  a  height  of  80m.  (This  did  not  neoessarly  belong  to  the  boundary  layer  at  that  time, 
however.) 

2 

For  CT  the  most  Important  input  quantities  are  the  solar  irradiation  and  the  ground  humidity  parameter  a 
on  daytime  and  the  wind  speed  together  with  a  heat  flux  classification  (R.)  at  night.  The  surface  roomi¬ 
ness  is  important  on  daytime  dose  to  the  grourd  and  generally  at  night,  t”  is  mostly  determined  by  the 
windspeed  and  the  surface  roughness  except  during  day  at  greater  heights,  where  the  same  parameters  as  for 
Cj,2  have  importance:  the  solar  irradiation  and  the  ground  humidity. 


It  Is  difficult  to  generally  estimate  the  overall  error  of  a  predicitcn  according  to  the  prcpoood  schema. 
This  error  my  oontain  a  contribution  resulting  frcn  the  fact  that  the  considered  lower  bourdary  layer 
deviates  In  its  structure  free  the  ideal  case.  Mother  oontribution  follows  directly  free  an  inaccuracy  of 
the  Bga.3  and  4.  A  next  reason  foe  Model  ernes  are  the  approximations  contained  in  the  flux  parameter! za- 
ticn  expressions,  and  finally  we  have  an  uncertainty  in  the  dynamic  and  static  model  input  parameters.  Only 
for  the  last  point  we  can  sisply  sake  quantitative  calculations  as  it  was  done  here.  Me  find  a  possible 
error  range  of  about  a  factor  of  two  to  three  fer  c^,2  and  of  about  20  to  30%  for  Concerning  the  remai¬ 
ning  error,  i.e.  the  error  if  all  irput  quantities  are  well  known,  we  can  get  an  impression  free  cur  expe¬ 
rimental  results  indicating  again  a  similar  error  magnitude,  together  this  leads  to  an  error  of  about  half 
an  order  of  maepitude  for  and  ip  to  about  30  to  40  %  far  ln<  From  this  we  have  to  emrYlnrte  the  critical 
situations  in  the  morning  or  evening  hours  as  well  as  nocturnal  low  wind  conditions.  However,  these  periods 
do  not  show  the  highest  rafractivity  turbulence  levels. 
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DISCUSSION 


J.  SELBY 

What  caused  the  dip  in  your  CT2  curve  (in  Figure  15)  at  a  wind  speed  of  2  n/s? 

AOnoa'S  REPLY 

Under  stable  conditions,  an  increase  of  ZQ  leads  to  ty/o  cospeting  processes.  On  one 
hand,  it  increases  u*  in  Eg.  (5)  tending  to  decrease  Gj,2  in  Eg.  (3b).  On  the  other  hand 
it  also  increases  Q0  in  Eg.  (6)  tending  to  inareaea  Cm2.  For  light  winds,  the  net 
effect  is  an  increase  of  Gp  .  For  stronger  winds,  it  is  the  other  way  because  the  value 
of  Qq  is  closer  to  and  less  v.'  lable.  Consaguently,  we  must  find  a  transmission 

range  at  moderate  wind  speed  when  tlu  Z0  influence  is  low.  This  range  corresponds  to 
the  dip  in  Fig  (15) . 
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SUMMARY 

High  intensity  laser  beam  propag  ‘ion  in  the  atmosphere  requires  knowledge  of  the  linear  and  nonlinear 
optical  interactions  of  the  UV,  visible,  and  IR  radiation  with  individual  water  droplets.  The  spherical  water-air 
interface  of  droplets  (with  radii  larger  than  the  wavelength)  can  (1)  enhance  the  incident  laser  intensity  inside  the 
droplet  and  in  the  air,  (2)  provide  optical  feedback  which  can  lower  the  threshold  for  stimulated  nonlinear  emis¬ 
sion  when  the  wavelength  is  in  the  transparent  range  of  water,  and  (3)  modify  the  internal  intensity  distribution 
and,  thereby,  distort  the  droplet  shape  when  the  incident  radiation  is  in  the  transparent  or  absorbing  range  of 
water.  We  review  our  nonlinear  optical  research  with  single  micrometer-size  water  droplets  irradiated  by  high 
intensity  laser  radiation  in  the  transparent  and  absorbing  regions  of  water. 


RESEARCH  RESULTS 


Internal  Field  Distribution 

The  Lorenz-Mie  formalism  can  be  used  to  calculate  the  internal  and  near-field  distribution  of  a  sphere 
(with  radius  a  and  complex  index  of  refraction  n)  when  a  monochromatic  plane  wave  from  a  laser  (with  wave¬ 
length  k)  is  incident  on  the  droplet  (specified  by  its  size  parameter  x  -  2na fk)  [1].  Figure  1  shows  the  internal 
field  distribution  within  the  equatorial  plane  of  four  droplets  with  x  =  29.64,  Re(n)  *  1.38,  and  four  different 
Im(n)  =  IO4,  10-3,  io-2,  and  io-l.  The  incident  laser  intensity  is  Io.  The  direction  of  the  plane  wave  of  the 
incident  laser  beam  is  designated  by  the  arrow. 

At  the  lowest  Im(n)  value,  the  intensity  is  concentrated  in  two  regions,  one  just  within  the  droplet  shadow 
face  and  the  other  just  within  the  droplet  illuminated  face.  Both  intensity  maxima  at  these  two  regions  are  >  Io. 
The  intensity  "ripples"  throughout  the  equatorial  plane  result  from  the  standing  wave  of  two  oppositely  traveling 
reflected  waves,  one  from  the  droplet  illuminated  face  and  the  other  from  the  droplet  shadow  face. 

As  Im(n)  is  increased  from  10~4  to  10-2,  Fig.  1  shows  that  the  intensity  ratio  of  the  maximum  near  the 
illuminated  face  and  of  the  maximum  near  the  shadow  face  decreases  rapidly.  The  more  rapid  decrease,  of  the 
intensity  maximum  ratio  suggests  that  the  intensity  maximum  near  the  illuminated  face  results  from  reflected 
rays  which  have  traversed  the  droplet  at  least  twice.  In  contrast,  the  intensity  maximum  near  the  shadow  face 
results  from  refracted  rays  which  have  traversed  the  droplet  only  once.  When  Im(n)  ■  10-1,  the  absorption 
length  [defined  at  a-*,  where  the  absorptiou  coefficient  a  =  4xIm(n)A]  is  less  than  the  droplet  radius.  Conse¬ 
quently,  the  rays  are  greatly  attenuated  before  reaching  the  shadow  face,  and  the  internal  intensity  is  localized 
in  the  form  of  a  crescent  at  the  droplet  illuminated  face  and  decreases  exponentially  toward  the  droplet  center. 

Figure  2  show*  the  intensity  distribution  in  the  equatorial  plane  for  four  different  water  droplets  [with 
x  ■  5, 10, 15,  and  30  and  Im(n)  »  0.0662]  irradiated  by  a  CO?  laser  beam  (with  k  »  10.6  pm).  Even  for  a  water 
droplet  with  x  -  5,  the  attenuation  of  the  rays  traveling  along  the  droplet  diameter  is  reduced  by  exp(-1.3).  For 
droplets  with  x  -  5  and  10,  the  opposing  effects  of  absorption  and  of  intensity  concentration  cause  the  internal 
intensity  distribution  to  be  fairly  uniform.  For  droplets  with  x  =  15  and  30,  absorption  dominates,  and  the 
internal  intensity  distribution  is  localized  in  the  form  of  a  crescent  at  the  droplet  illuminated  face. 

Nonlinear  Source  Polaiiaiioa  (PNLS) 

The  electromagnetic  field  (E)  internal  to  the  droplet  can  induce  both  a  linear  and  nonlinear  polarization, 
which  can  be  expressed  as: 

pL  +  PNLS  ■  [XL  +  (&JJ/5E)  E  +  (82Jc/8E5K)  EE  +  (8gc/8Q)  Q]  E,  Eq.  (I) 

where  the  linear  susceptibility  %L  =  (n2  -l)/4»t  is  complex  if  Im(n)  *  0. 


L\3-L 


The  nonlinear  source  polarization  PNLS  generates  electromagnetic  waves  within  the  droplet  which  have 
a  different  frequency  from  that  of  the  incident  laser  frequency.  Equation  1  shows  that  PNLS  has  the  following 
terms:  (1)  (8x/SE)  E,  which  is  zero  inside  the  droplet  because  liquid  has  an  inversion  symmetry  and,  thus,  no 
second  harmonic  frequency  generation  is  expected;  (2)  (82x/5E8E)  EE,  which  gives  rise  to  third  harmonic  fre¬ 
quency  generation  if  all  three  E's  in  Eq.  1  have  the  same  frequency  and,  more  generally,  gives  rise  to  third- 
order  sum  frequency  generation  if  the  E’s  in  Eq.  1  have  different  frequencies  [2];  and  (3)  (8%/8Q)  Q,  which 
gives  rise  to  Raman  scattering  when  Q  is  the  vibrational  coordinate  of  the  H2O  molecule  (usually  the  O-H 
stretching  mode)  and  to  Brillouin  scattering  when  Q  is  the  sound  wave  amplitude  in  water. 
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Fig.  1.  The  internal  intensity  distribution  within  the  equatorial  plane  of 
four  droplets  with  increasing  absorption.  Three-dimensional  plots 
are  shown  in  the  left  column  and  the  gray  scale  plots  are  shown  in  the 
right  column.  The  real  part  of  the  index  of  refraction  for  the  droplet 
is  1.38  and  the  imaginary  part  varies  from  10-4  to  1CH.  The  droplet 
size  parameter  x  =  2naA  is  29.64,  where  a  is  the  droplet  radius  and  X 
is  the  incident  laser  wavelength.  The  incident  laser  beam  intensity  is 
Io.  The  beam  direction  is  indicated  by  the  arrow. 
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Fig.  2.  Same  as  in  Fig.  1  except  that  the  droplet  size  parameter  varies 

from  x  =  5  to  x  =  30.  The  index  of  refraction  is  selected  to  be  that 
of  water,  n  *  1.185  +  i0.0662,  The  CO2  laser  wavelength  is  10.6  pm. 
The  beam  direction  is  indicated  by  the  arrow. 


Stimulated  Raman  scattering  (SRS)  occurs  when  the  amplitude  of  the  vibrational  mode  Q  (with  vibrational 
frequency  Wvib)  •*  coherently  driven  by  E(ajj )  and  E*(o>2)  (where  -  ©2  *  G>vib)  [3].  Stimulated  Brillouin 
scattering  (SBS)  occurs  when  the  sound  wave  amplitude  Q  (at  (iwuwi)  is  coherently  driven  by  E(coi)  and 

E*(a>2),  [where  a»i  -  (02  =  Wiound  a"d  T?(wi)  -  "^(<*>2)  =  (^ound)]  W* 

Nonlinear  Qptif.al  Signals 

When  x  »  1  and  Im(n) »  0,  the  nonlinear  radiation  generated  by  is  initially  produced  in  a  region 
within  the  droplet  where  the  input  laser  intensity  is  the  largest,  i.e.,  just  within  the  droplet  shadow  face  (see 
Fig.  1).  The  nonlimarly  generated  radiation  is  usually  frequency  shifted  from  the  laser  frequency  and  has  a 
linewidth  larger  than  the  laser  linewidth.  The  spherical  shape  of  the  droplet  can  efficiently  trap  some  of  the 
internally  produced  nonlineariy  generated  radiation.  At  specific  wavelengths  within  the  linewidth  of  the  non- 
linearly  generated  radiation,  the  droplet  can  be  envisioned  as  a  high  Q-factor  optical  resonator  which  can  provide 
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feedback  at  specific  X's  or  x’s  corresponding  to  the  moiphology-dependent  resonances  (MDR's)  of  a  sphere  [1]. 
The  Q-facto>  of  the  MDR's  and  the  number  of  MDR's  within  a  wavelength  interval  have  been  calculated  using 
the  lorenz-Mie  formalism  [5,6].  The  Q-factor  of  MDR’s  has  been  determined  by  measuring,  after  the  incident 
laser  beam  is  off,  the  decay  time  of  the  nonlinearly  generated  radiation  which  is  trapped  within  the  droplet  [7,8]. 

Spontaneous  Raman  scattering  and  spontaneous  Brillouin  scattering  are  produced  mainly  just  within  the 
droplet  shadow  face  where  the  laser  intensity  is  largest  At  specific  wavelengths  within  the  spontaneous  Raman 
and  Brillouin  line  widths  which  correspond  to  MDR's,  part  of  the  spontaneous  Raman  and  Brillouin  radiation  is 
trapped  by  the  droplet  interface  and  propagates  around  the  droplet  rim.  SRS  and  SBS  occur  when  the  round-trip 
gain  for  the  amplified  spontaneous  Raman  and  Brillouin  emission  is  larger  than  the  round-trip  loss.  There  is  no 
phase-matching  requirement  for  the  amplified  spontaneous  Brillouin  and  Raman  emission  processes  leading  to 
SBS  and  SRS. 

For  SBS,  the  gain  is  provided  by  the  internal  intensity  of  a  single-mode  or  multimode  laser,  which  is 
maximized  just  within  the  droplet  shadow  face.  For  first-order  SRS,  the  gain  can  be  provided  by  the  following 
two  internal  intensities;  (1)  the  internal  intensity  of  the  multimode  laser,  which  is  maximized  just  within  the 
droplet  shadow  face  and  (2)  the  internal  intensity  of  SBS  (pumped  by  the  single-mode  laser),  which  is  distributed 
around  the  droplet  rim  because  SBS  in  the  droplet  needs  optical  feedback  [9].  For  nth-order  SRS  radiation,  the 
gain  is  provided  by  die  internal  intensity  of  the  (n  -  l)th-order  SRS  radiation  which  is  also  distributed  around  the 
droplet  rim  [10],  The  depletion  of  SBS  as  a  result  of  first-order  SRS  being  generated  and  the  depletion  of  the 
first-order  SRS  as  a  result  of  multiorder  SRS  being  generated  have  been  observed  [9].  However,  the  depletion 
of  the  internal  laser  intensity  (with  single-mode  or  multimode  operation)  has  not  been  reported. 

The  third-order  sum  frequency  signal  is  many  orders  of  magnitude  weaker  than  SRS  and  SBS.  Unlike 
SRS  and  SBS,  die  third-order  sum  frequency  process  requires  phase-matching,  which  cannot  be  satisfied  in  a 
liquid.  When  a  near-IR  laser  beam  (X  =  1.064  pm)  is  used  to  irradiate  a  droplet,  very  weak  signals  resulting 
from  the  nonlinear  mixing  of  the  electric  fields  of  the  laser,  first-order  SRS,  and  multiorder  SRS  have  been 
observed  throughout  the  UV  and  the  visible  [2]. 

Additional  nonlinear  optical  signals  which  have  been  observed  from  single  droplets  can  also  be  related 
to  the  various  terms  in  Eq.  1.  Both  the  observed  coherent  anti-Stokes  Raman  scattering  (CARS)  and  the  more 
general  four-wave  mixing  effect  (commonly  referred  to  as  coherent  Raman  mixing)  [11]  are  related  to 
(8*/8Q)  Q  in  Eq.  1.  The  observed  phase-modulation  broadening  of  the  elastically  scattered  light  and  of  the  SRS 
[12]  is  related  to  (S2jc/5E6E)  EE  in  Eq.  1. 


User-Induced  Breakdown 

Laser-induced  breakdown  (LIB)  is  also  a  consequence  of  nonlinear  optical  processes.  The  intensity 
threshold  for  LIB  is  considerably  higher  than  that  for  other  nonlinear  processes  such  as  SBS,  SRS,  and  third- 
order  sum  frequency  generation.  However,  once  LIB  occurs,  the  nonlinear  optical  signals  such  as  SBS,  SRS, 
and  CARS  are  quenched  by  the  strong  absorption  associated  with  the  plasma  [13J. 

There  is  some  controversy  regarding  the  initiation  of  LIB  in  water,  i.e.,  whether  the  "seed  electrons" 
already  exist  in  the  water  or  need  to  be  generated  by  the  laser  radiation  via  the  multiphoton  ionization  occss. 
Regardless  of  the  origin  of  the  seed  electrons,  the  electric  field  of  the  laser  radiation  causes  avalanche  multi¬ 
plication  of  electrons  and  the  generation  of  a  dense  plasma.  After  the  initiation  of  LIB  and  the  increase  in 
plasma  density,  a  transparent  water  droplet  is  transformed  into  a  strongly  absorbing  droplet.  Spatially  resolved 
spectroscopy  has  been  used  to  determine  the  location  of  LIB  initiation  [14].  LIB  is  initiated  just  within  the 
shadow  face  of  a  water  droplet  with  a  <  60  pm  and  in  air  just  outside  the  shadow  face  of  a  water  droplet  with 
a  >  60  pm  [14].  The  addition  of  salt,  such  as  NaCl  or  NaN03,  lowers  the  LIB  threshold  inside  the  water  droplets 
[15]. 


Spatially  and  temporally  resolved  plasma  emission  diagnostics  have  been  used  to  study  the  ejection  of  the 
plasma  (in  the  form  of  a  packet)  from  the  water  droplet  shadow  face  and  tlie  propagation  of  the  plasma  (as  an 
optical  detonation  wave)  from  the  shadow  face  toward  the  illuminated  face  and  then  from  the  illuminated  face 
toward  the  laser  [16-18].  These  experimental  results  weni  found  to  be  in  quantitative  agreement  with  a  one- 
dimensioiul  hydrodynamic  and  thermodynamic  model  of  a  slab  of  water  irradiated  by  a  laser  beam,  which  heats 
the  plasma  initially  introduced  within  the  slab  shadow  face  [19,20], 

Spatially  and  temporally  resolved  diagnostic  techniques  have  also  been  used  to  determine  the  transmission 
through  die  plasma  created  by  the  LIB  process  [20],  The  expanding  plasma  plume  can  attenuate  the  laser  pulse. 
The  decrease  of  the  transmission  (from  numerous  resolvable  points  along  a  line  parallel  to  the  laser  beam)  was 
measured  during  the  laser  pulse,  and  the  recovery  of  the  transmission  was  measured  after  the  laser  pulse  [21], 


I -a^r- Induced  Droplet  Shape  Distortions 
(1)  la  the  transparent  region  of  water: 
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Once  the  rising  portion  of  the  input  laser  pulse  (with  wavelength  in  the  visible)  exceeds  the  LIB  threshold, 
the  rapidly  developing  plasma  strongly  absorbs  the  remaining  portion  of  the  laser  pulse  and  the  laser  radiation  is 
converted  into  heat.  At  higher  intensity,  laser  beating  occurs  throughout  the  droplet  and  the  air  behind  the  drop¬ 
let  illuminated  face.  At  lower  intensity,  laser  heating  occurs  mainly  within  the  water  droplet  shadow  face.  For 
the  latter  case,  the  resultant  temperature  and  pressure  increase  produces  convective  forces  and  cavitation  which 
expel  material  initially  from  the  droplet  shadow  face  and  then  from  the  rest  of  the  highly  distorted  droplet. 

Using  the  shadowgraph  technique,  we  photographed  the  temporal  evolution  of  droplet  shape  distortion 
with  a  framing  camera  long  after  the  initiation  of  LIB  by  a  visible  laser  beam  [22].  Both  the  shape  deformation 
rate  and  the  recoil  velocity  of  the  remaining  droplet  (as  a  result  of  material  ejected  from  the  shadow  face)  have 
been  deduced  from  the  framing  camera  photographs  [22]. 

A  high  energy  laser  beam  (with  wavelength  in  the  transparent  region  of  water)  may  not  have  the  intensity 
needed  to  initiate  LIB.  Nevertheless,  a  high  energy  laser  beam  can  distort  the  droplet  shape  via  electrostrictive 
forces.  Shape  distortion  and  the  ejection  of  smaller  droplets  from  a  single  water  droplet  irradiated  by  a  high 
energy  laser  pulse  (with  pulse  duration  of  400  nsec  and  fluence  of  -300  J/cm^)  have  been  photographed  with  a 
framing  camera  [23].  The  distortion  amplitude  and  shape  have  been  compared  with  a  recent  calculation  which 
includes  the  electromagnetics  and  hydrodynamics  for  a  water  droplet  of  the  same  size  and  for  a  laser  beam  with 
the  same  energy  used  in  our  experiment  [24]. 

(2)  In  the  absorbing  region  of  water: 

When  the  laser  wavelength  is  in  the  absorbing  region  of  water,  the  laser  radiation  can  directly  heat  the 
water  droplet  without  the  need  to  fust  produce  a  plasma  that  can  then  absorb  the  laser  radiation.  At  laser 
energy  below  the  explosive  vaporization  threshold,  direct  heating  of  the  droplet  can  lead  to  droplet  shape 
distortion  without  any  vaporization.  For  example,  direct  heating  of  the  illuminated  face  of  a  water  droplet 
with  x  =  30  (see  Fig.  2  for  the  internal  intensity  distribution)  by  a  CO2  laser  beam  can  cause  droplet  bulging  at 
the  illuminated  face  as  a  result  of  lowering  the  surface  tension  of  the  illuminated  face  and  of  thermal  expansion 
in  the  cresent-shaped  region  in  which  the  laser  heating  is  initially  localized.  Although  the  electrostrictive  force 
observed  for  the  transparent  case  [23,24]  is  still  present  in  the  absorbing  case,  the  electrostrictive  effect  is 
smaller  than  the  hydrodynamic  and  thermodynamic  effects  in  the  nonuniformly  heated  water  droplet. 

A  framing  camera  has  been  used  to  record  the  time  evolution  of  the  shadowgraphs  of  a  water  droplet 
irradiated  by  a  CO2  User  pulse  with  an  energy  exceeding  the  explosive  vaporization  threshold  [25,26]  The 
ejected  vapor  plume  and  the  liquid  streaming  from  the  illuminated  face  of  the  laser  heated  water  droplet  cannot 
be  distinguished  in  the  shadowgraphs.  Both  the  ejected  vapor  and  the  liquid  (in  the  form  of  smaller  droplets  and 
irregularly  shaped  fragments)  produce  u  dark  image  when  the  shadowgraph  configuration  is  used. 

A  new  fluorescence  imaging  technique  has  been  developed  [27]  to  provide  a  greater  contrast  between  the 
ejected  vapor  plume  and  the  liquid  droplets.  The  experimental  configuration  for  the  new  fluorescence  technique 
is  shown  in  Fig.  3.  A  CO2  laser  beam  (idealized  in  the  form  of  a  Gaussian  spatial  profile  and  propagating  hori¬ 
zontally  along  the  x  axis)  irradiates  three  to  five  water  droplets  flowing  downward  in  a  linear  stream  along  the  z 
axis.  A  cationic  dye,  Rhodamine  6G  (R6G),  with  a  concentration  of  -1CM  M  is  dissolved  in  the  water  droplets. 
K6G  fluoresces  in  the  green  when  excited  by  a  UV  probe  laser  (N2  laser  emitting  at  A.  -  0.3371  (im)  which  is 
propagating  along  the  -x  axis  in  the  direction  opposite  to  the  CO2  laser  beam.  Among  the  dyes  with  high  quan¬ 
tum  yield  in  water,  R6G  is  specifically  selected  because  its  quantum  yield  is  nearly  independent  of  the  water 
temperature.  Thus,  the  fluorescence  intensity  from  the  original  droplet  heated  by  the  CO2  laser  and  from  the 
numerous  ejected/ahatteied  droplets  is  less  dependent  on  the  water  temperature.  The  fluorescence  image  of  the 
droplet  and  the  ejected/ihattered  material  is  detected  by  a  CCD  camera  placed  along  the  y  axis  at  90'  to  the  N2 
and  CO2  laser  beam  directions.  The  COn  laser  pulse  shape  as  a  function  of  time  is  shown  in  Fig.  3  (upper  left). 

Figures  4  and  5  show  the  fluorescence  images  recorded  at  different  time  delays  after  the  start  of  the  CO2 
laser  pulse.  Each  fluorescence  image  has  five  or  seven  droplets,  referred  to  as  droplets  1  through  5  or  droplets  1 
through  7,  counting  die  droplets  from  the  top  of  each  image.  Each  fluorescence  image  corresponds  to  a  different 
CO2  laser  pulse,  and  each  pulse  unadvoidably  has  a  different  spatial  distribution.  The  highest  intensity  is 
centered  at  droplet  2,  3,  or  4. 

In  Figs.  4  and  5,  the  fluorescence  intensity  from  R6G  in  the  liquid  phase  is  higher  than  that  from  R6G  in 
the  vapor  phase  for  the  following  reasons:  (1)  the  quantum  yield  of  R6G  in  the  vapor  phase  is  -18%  and  that  of 
R6G  dissolved  in  water  is  -95%;  (2)  the  vapor  pressure  of  R6G  is  much  lower  than  that  of  water  and,  thus,  there 
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Pig.  3.  Schematic  of  the  experimental  arrangement  used  to  record  the  fluo¬ 
rescence  image  of  droplets  flowing  in  a  linear  stream  (vertically  along 
the  z  axis).  The  CO2  laser  used  to  heat  the  water  droplets  propagates 
along  the  x  axis,  the  N2  laser  used  to  excite  the  dye  fluorescence  pro¬ 
pagates  along  the  -x  axis,  and  the  two-dimensional  CCD  detector  used 
to  record  the  fluorescence  image  is  located  along  the  y  axis.  A  green 
filter  is  used  to  block  the  scattered  N2  laser  radiation  and  to  transmit 
the  dye  fluorescence.  The  temporal  pulse  shape  of  the  CO2  laser 
radiation  is  shown  in  the  upper  left, 

are  fewer  R6G  molecules  than  water  molecules  in  the  vapor  phase  as  a  result  of  the  thermal  vaporization  process; 
and  (3)  even  if  there  are  R6G  molecules  in  the  vapor  phase  as  a  result  of  an  explosive  vaporization  process,  the 
density  of  R6G  molecules  in  the  vapor  phase  is  much  lower  than  in  the  liquid  phase,  since  the  volume  of  the 
vapor  plume  is  much  larger  than  that  of  the  droplet.  Therefore,  the  combination  of  the  lower  R6G  quantum 
yield  in  the  vapor  phase,  the  lower  vapor  pressure  of  the  R6G  compared  to  water,  and  the  lower  density  of  R6G 
in  the  vapor  plume  makes  the  fluorescence  imaging  technique  particularly  advantageous  for  the  study  of  droplet 
shape  distortion  and  material  ejection/shattering  in  the  liquid  phase  without  interference  from  the  fluorescence  of 
R6G  in  the  vapor  plume.  When  the  shadowgraph  technique  is  used,  both  the  ejected  vapor  plume  and  the  liquid 
produce  a  dark  image.  We  are,  therefore,  unable  to  distinguish  the  ejected/shattered  liquid  from  the  vapor 
plume  or  to  distinguish  the  disorted  shape  of  the  original  droplet  from  the  ejected  liquid  material  emerging  from 
the  water  droplet  illuminated  face  [25,26]. 

The  water  droplets  shown  in  Figs.  4  and  5  are  irradiated  with  an  average  CO2  laser  fluence  of  *3  J/cm2. 
Assuming  that  the  geometric  cross  section  of  the  droplet  is  rta2  (where  a  =  50  fim),  the  estimated  laser  energy 
intercepted  by  the  droplet  is  *2.4  x  1(H  J.  The  estimated  temperature,  rise  within  the  cresent-shaped  volume 
(shown  in  Fig.  2)  is  «390’C,  This  temperature  exceeds  the  superheated  temperature  of  water  (generally  accepted 
to  be  305*C),  the  temperature  in  which  water  can  exist  in  the  metastable  liquid  state  before  spontaneous  nuclca- 
tion  of  bubbles  occurs  when  there  is  no  nucleaticn  site  [28], 

Figures  4  and  5  show  the  fluorescence  images  of  water  droplets  (containing  10  4  M  R6G)  at  At  =  1,  3, 7, 
10,  12,  15,  25,  and  45  psec  after  the  onset  of  the  CO2  laser  pulse.  A  gray  scale  is  used  to  represent  the  fluo¬ 
rescence  intensity.  The  scale  is  chosen  to  display  the  weaker  fluorescence  intensity  from  the  ejected/shattered 
droplets  and,  thereby,  to  allow  the  fluorescence  image  inside  the  parent  droplet  to  be  saturated. 


At  =  1  |Xsec  At  =  3  nsec  At  =  7  .usee 


At- 10 nsec  At  =  12  nsec  At  =15  nsec 


Fig.  4.  Fluorescence  images  of  five  water  droplets  (containing  1(M  M  R6G 
dye)  recorded  at  six  time  delays  (At  **  1, 3, 7,  10, 12,  and  15  psec) 
after  the  initiation  of  the  CO2  laser  pulse.  The  different  images 
correspond  to  different  CO2  laser  pulses  which  have  their  highest 
intensity  at  cither  droplet  2  or  droplet  3  (counting  from  the  top  of 
each  image).  The  CO2  beam  direction  is  from  left  to  right.  The 
fluorescence  intensity  within  tire  droplets  is  allowed  to  saturate  in 
orde*  *0  display  the  fluorescence  image  from  the  ejected  material. 
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At  =  25  jisec 


At  =  45  fisec 


Fig.  5.  Same  as  Fig.  4  except  that  the  fluorescence  images  are  of  seven  water 
droplets  (containing  10-4  m  R6G  dye)  recorded  at  At  =  25  and  45  jasec 
after  the  initiation  of  the  CO2  laser  pulse. 
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At  At  —  1  nsec,  Fig.  4  shows  that  the  water  droplets  remain  nearly  spherical.  Hie  higher  fluorescence 
intensity  at  the  droplet  rim  indicates  that  the  droplets  are  lasing  upon  excitation  by  the  N2  laser  pulse  [29]. 

For  the  fluoresence  image  taken  at  At  =  3  psec,  the  CO2  laser  radiation  is  most  intense  for  droplet  2. 

Figure  4  shows  that  the  illuminated  face  of  droplet  2  is  flattened  as  a  result  of  significant  material  removal 
by  explosive  vaporization.  The  fact  that  it  takes  3  psec  before  significant  material  removal  is  evidence  that 
nucleation  and  subsequent  cavitation  require  an  incubation  time  of  several  microseconds  even  though  the 
illuminated  face  is  superheated.  The  shapes  of  droplets  1, 3, 4,  and  5  which  receive  less  CO2  laser  radiation 
appear  to  be  distorted  without  much  material  removal.  Shape  bulging  of  the  illuminated  face  can  result  from 
lowering  of  the  water  surface  tension  and  from  thermal  expansion  in  the  cresent-shaped  region  in  which  most 
of  the  CO2  laser  radiation  is  absorbed  (see  Fig,  2). 

For  the  fluoresence  image  taken  at  At  =  7  psec,  the  CO2  laser  radiation  is  most  intense  for  droplet  3.  At 
At  =  7  psec,  Fig.  4  shows  that  material  is  now  being  ejected  for  all  the  droplets.  Droplet  1  indicates  significant 
material  removal  from  its  illuminated  face,  which  is  tilted  because  of  the  intensity  gradient  in  the  spatial  profile 
of  the  focused  CO2  laser  beam.  Material  ejection  in  the  form  of  long  fragments  is  observed.  The  long  At  needed 
before  material  ejection  for  droplet  1  supports  the  premise  that,  when  less  heat  is  deposited  in  the  cresent-shaped 
region,  explosive  vaporization  for  a  water  droplet  requires  a  longer  incubation  time.  The  three  central  droplets 
(droplets  2,  3,  and  4)  are  propelled  as  a  result  of  material  ejection.  Furthermore,  these  three  droplets  become 
elongated  in  the  direction  perpendicular  to  the  CO2  laser  beam,  start  to  bend  toward  the  droplet  shadow  face, 
and  develop  a  "skirt"  at  the  droplet  shadow  face.  Discrete  images  of  small  droplets  behind  the  illuminated  faces 
of  droplets  2, 3,  and  4  are  discernible.  The  fuzzy  image  behind  the  illuminated  face  of  these  three  droplets  can 
be  either  fluorescence  from  smaller  droplets  outside  die  image  plane  or  Rayleigh  scattering  by  the  water  vapor 
of  the  bright  fluorescence  radiation  from  the  highly  distorted  droplets  2,  3,  and  4.  The  fuzzy  image  in  front  of 
the  shadow  face  of  droplet  3  can  be  from  the  skirt,  which  is  partially  outside  the  image  plane. 

At  At  =  10  psec,  most  of  the  fuzzy  images  present  at  At  =  7  psec  are  no  longer  observable  behind  the 
illuminated  faces  of  droplets  2,  3,  and  4.  The  disappearance  of  the  fuzzy  images  suggests  that  the  vapor  and/or 
the  small  droplets  are  displaced  from  the  field  of  view  by  the  subsonic  pressure  wave  associated  with  explosive 
vaporization  at  the  droplet  illuminated  face.  Furthermore,  the  smaller  droplets  can  also  be  vaporized.  Discrete 
droplets  of  a  larger  size  can  be  clearly  observed  behind  the  illuminated  faces  of  droplets  2  and  4.  For  droplets  3 
and  4,  skirts  have  developed. 

At  At  =  12  psec,  droplet  propulsion  continues  with  droplet  3  having  recoiled  the  most  and  droplets  2  and  4 
having  recoiled  les3  than  droplet  3.  Small  droplets  behind  droplets  1  and  5  are  readily  observed.  For  the  fluo¬ 
rescence  image  at  At  =  15  psec,  the  CO2  laser  radiation  is  most  intense  for  droplet  2,  which  has  recoiled  the 
most.  The  irregularity  of  the  recoil  distance  among  the  ftve  droplets  is  illustrative  of  the  irregular  spatial  profile 
of  the  CO2  laser  beam.  Droplet  ejection  from  the  skirts  of  droplets  1  and  5  is  noted. 

For  the  two  fluorescence  images  at  At  =  25  and  45  psec,  a  total  of  seven  droplets  is  shown  in  Fig.  5. 
Droplets  1  and  2,  which  are  barely  irradiated  by  the  CO2  laser  beam,  remain  nearly  spherical  and  experience  no 
recoil.  In  fact,  droplets  1,  2,  and  7  provide  a  convenient  reference  of  the  size  and  spacing  of  water  droplets  in  a 
linear  stream.  At  At  =  25  psec,  the  elongated  droplets  3,  4,  5,  and  6  are  beginning  to  break  up  into  many  frag¬ 
ments  because  of  hydrodynamic  instability.  It  is  now  difficult  to  assign  the  origin  of  these  fragments  to  each  of 
the  original  droplets.  By  At  =  45  psec,  the  original  droplets  are  completely  shattered  into  fairly  large  fragments, 
which  are  propelled  ~15  droplet  diameters  away  from  the  vtical  line  defined  by  the  linear  stream  of  water 
droplets. 


CONCLUSIONS 

A  large  number  of  nonlinear  optical  interactions  Iiavc  been  observed  when  a  high  intensity  laser  beam 
(with  wavelength  in  the  visible  region  of  water)  irradiates  a  single  water  droplet  with  a  »  X.  The  most  domi¬ 
nant  nonlinear  effects  are  SBS  and  SRS,  which  have  intensity  thresholds  well  below  that  for  LIB.  Once  LID  is 
initiated  during  the  rising  portion  of  the  laser  pulse,  a  normally  transparent  droplet  becomes  absorbing  and, 
thus,  quenches  SRS  and  SBS.  The  remaining  portion  of  the  laser  pulse  causes  explosive  vaporization  of  the  entire 
droplet.  When  a  high  energy  laser  beam  (with  wavelength  in  the  visible  region  of  water)  irradiates  a  single 
water  droplet,  electrostrictivc  forces  distort  the  droplet  shape  and  cause  droplet  shattering. 

Direct  laser  heating  can  result  when  the  laser  wavelength  is  in  the  absorbing  region  of  water.  A  new 
fluorescence  imaging  technique  which  can  provide  a  greater  contrast  between  the  liquid  and  vapor  phases  of  the 
ejected  material  has  been  applied  to  the  study  of  water  droplets  irradiated  by  a  CO2  laser  pulse.  We  have 
observed  droplet  shape  distortion,  ejection  and  shattering  of  small  liquid  fragments,  droplet  propulsion,  and  total 
disintegration  of  the  original  droplets  into  several  large  liquid  fragments. 
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DISCUSSIOM 

T.  NILAS 

In  nature,  rain  drops  are  not  spherical.  What  happens  when  a  high  intensity  laser  beam 
interacts  with  a  rain  drop? 

AUTHOR*!  RAPLY 

This  is  an  astute  question.  For  falling  rain  droplets,  especially  those  with  radii  >1 
pm,  the  inertia  effect  causes  each  droplet  shape  to  deviate  from  a  sphere  to  an  oblate 
spheriod  or  even  a  flat-bottom  droplet.  The  inertia  effect  is  dependent  on  the  Weber 
and  Reynolds  numbers  of  the  droplet.  The  droplet  shape  can  be  calculated  as  long  as  the 
Weber  nuaber  is  <5  and  the  Reynolds  number  is  <500.  Dr.  David  Dandy  of  Sandia  is  an 
expert  in  this  area.  The  morphology-dependent  resonances  (MDRs)  of  a  sphere  can  be 
readily  calculated  by  the  Hie  formalism.  Each  MDR  is  specified  by  the  mode  order 
(affects  the  radial  distribution)  and  the  mode  number  1  (affects  the  0  distribution, 
where  e  is  the  zenith  angle) .  For  a  sphere,  the  azimuthal  distribution  (the  <p  angle) , 
which  is  described  by  index  m,  is  degenerate  since  all  the  great  circles  of  a  sphere  are 
the  same.  By  symmetry,  ra«l.  However,  for  a  prolate  spheroid,  the  perimeter  length 
depends  on  0  and  m  can  take  on  values  from  s  -  0,1,2, ....1,  analogous  to  a  magnetic 
system  with  angular  momentum  e  and  magnetic  quantum  numbers  m. 

A  high  degeneracy  MDR  of  a  sphere  will  split  into  numerous  MDRs  of  a  prolate  or 
oblate  spheroid.  Profs.  Pater  Barber  and  Steven  Hill  of  Clarkson  University  have  used 
the  T-matrix  formalism  to  calculate  such  splitting  for  small  droplets  (with  size  parame¬ 
ters  <100) .  Prof.  Kenneth  Young  of  the  Chinese  University  of  Kong  Kong  has  recently  de¬ 
veloped  a  perturbation  approach  that  can  calculate  the  MDR  splittings  which  are  inde¬ 
pendent  of  the  droplet  size  parameter.  The  MDR  splittings  are  dependent  only  on  the 
ratio  of  the  droplet  semi-major  to  semi-minor  axes  ratio  and  the  MDR  mode  number  1. 

The  degeneracy  split  MORs  give  rise  to  more  spectral  peaks  in  the  linear  and  nonlin¬ 
ear  spectra  and  thereby  cause  complications.  However,  once  we  are  more  comfortable 
dealing  with  spheroids,  the  degeneracy  split  MDRs  in  the  stimulated  Raman  spectra  can  be 
used  to  provide  both  size  and  shape  information,  in  addition  to  species  identification. 
Experimentally,  we  have  indeed  observed  degeneracy  split  MDR  peaks  in  the  stimulated 
Raman  scattering  spectra  and  are  in  the  process  of  documenting  our  observations  of  these 
closely  spaced  (in  cm-1)  spectral  peaks  of  nonspherical  droplets  with  1  -  450. 

C.  OIBBIH0 

You  may  have  already  answered  my  question  from  your  response  to  the  previous  question, 
but  could  you  envisage  application  of  your  technique  to  the  measurement  of  the  distribu¬ 
tion  of  drop-sizes  in  rain,  which  is  very  hard  to  measure  accurately. 

AUTHOR1 0  HAPLY 

High  accuracy  droplet  sizing  can  be  deduced  from  the  frequency  spacing  (ir.  cm-1)  of  the 
stimulated  Raman  scattering  peaks,  which  are  related  to  the  morphology-dependent  reso¬ 
nances  of  a  sphere  of  a  specific  radius.  To  determine  the  size  distribution  of  rain  by 
this  technique,  it  is  important  that  only  one  droplet  be  sampled  by  the  collection 
optics  for  each  laser  fixing.  This  limitation  is  no  different  from  that  required  in 
other  optical  sizing  instruments.  However,  the  additional  requirements  of  the  morpholo¬ 
gy-dependent  resonanoe  peak  sizing  technique  are  that  the  rain  droplet  circumference-to- 
wavelength  ratio  (size  parameter)  must  be  >10  (better  if  >50)  and  the  rain  droplet  shapo 
must  not  be  too  nonspherical . 
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SUMMARY 


The  computation  of  aerosol  absorption  and  scattering  coefficients  is  normally 
a  lengthy  process,  so  that  atmospheric  slant  path  calculations  rely  on 
selections  from  pro-calculated  data.  This  paper  describes  an  investigation  in 
which  the  calculated  coefficients  are  stored  in  a  parameterised  form.  The 
object  was  to  encompass  a  wide  variety  of  cloud  and  rain  types  in  a  data  set  of 
manageable  proportions. 

Atmospheric  aerosols  and  rain  are  characterised  by  the  mass  density,  size 
distribution  n(r),  and  shapes  of  the  constituent  water  drops  or  ice  crystals. 
Particle  shapes  may  be  irregular  -  in  ice  clouds,  snow  and  rain  for  example  - 
but  for  the  calculations  reported  here  are  assumed  to  be  spheres  of  equivalent 
volume.  We  adopt  the  modified  gamma  function,  first  proposed  by  D. 

De  intend]],  an,  as  n(r).  The  original  form  of  the  function  contains  four 
parameters.  To  facilitate  the  parameterization,  we  regroup  them  into  two 
physically  meaningful  parameters  r,  (critical  radius)  and  d  ,  proportional 
to  the  slope  of  n(r)  around  re .  Then  we  express  the  absorption  and  scattering 
coefficients  calculated  from  Mie  theory  as  a  polynomial  in  temperature  and 
frequency.  These  coefficients  in  the  polynomials  are  stored  for  retrieval  and 
interpolation  during  a  slant  path  calculation.  The  parameterization  is  quite 
general  and  includes  the  Marshall-Palmer  relation  for  rain,  the  Laws  and  Parsons 
and  inverse  power  distributions. 


1.  INTRODUCTION 

For  the  calculation  of  attenuation,  or  radiance,  along  a  slant  path  the 
atmosphere  is  subdivided  into  several  homogeneous  horizontal  layers,  each  of 
which  is  assigned  mean  values  for  temperature,  pressure  and  species 
concentrations.  Layer  properties  and  boundaries  are  determined  with  a  pre¬ 
selected  atmospheric  model,  which  includes  cloud  and  rain  selections.  Cloud 
(rain)  attenuation  properties  are  altitude  dependent  and  must  be  calculated  or 
retrieved  from  tables  for  each  atmospheric  layer  in  which  they  contribute.  In 
general  the  computation  of  extinction  coefficients  for  hydrometeors  (clouds, 
rain,  etc, )  is  a  lengthy'  procedure  requiring  Mie  theory  and  cannot  be 
considered  during  a  slant  path  calculation. 

Many  different  types  of  rain  and  cloud  occur  in  nature  and  some  limited 
expression  of  these  must  be  selected  for  inclusion  in  practical  computer  codes. 
Since  the  calculation  of  the  absorption  and  scattering  properties  of  these 
particulates  is  computationally  intensive  it  is  usual  to  use  pre-calculated 
values  in  practical  radiance  computations,  but  tables  of  coefficients  for  all 
the  conditions  found  in  the  atmosphere  would  be  too  extensive  for  ganeral  use. 
This  paper  describes  an  investigation  into  using  generalised  pre-calculated 
coefficients  to  obtain  the  attenuation  for  a  variety  of  particle  types  and  drop- 
size  distributions.  When  this  study  began  our  interest  lay  in  the  microwave 
region  (up  to  300  GHz)  so  it  ia  to  this  part  of  the  spectrum  that  this  paper 
relates',  although  the  method  should  apply  generally  and  we  expect  to  extend  it 
in  the  future.  In  the  microwave  region  the  absorption  and  scattering  by  clouds 
is  negligible  but  attenuation  by  rain,  and  beam  depolarisation  by  both  rain  and 
ice  clouds,  can  be  Important. 

We  consider  a  group  of  water  or  ice  particles  with  size  distribution  given  by 
Deirmendj ian' e  modified  gamma  function  [1],  The  particles  are  assumed  to  be 
spherical]  small  cloud  drops  are  nearly  sc  while  raindrops  tend  to  be  oblate,  if 
large  [2],  and  ice  crystals  [3]  have  many  shapes,  Although  Deirmendj ian ' s 
modified  gamma  function  is  quite  popular,  there  exist  other  functions,  such  as 
the  inverse  power  law  (e.g.  for  continantal  aerosols  [4]),  Laws  and  parsons  [5] 
distribution,  and  bimodal  distributions  [61.  Yet  a  summation  of  several 
Deirmendjiun  distributions,  assuming  no  interaction  between  them,  will 
approximate  these  othnr  polyditipersions.  With  some  simplification  the  four 
parameters  of  the  Deirmendjian  distribution  can  be  reduced  to  two.  Mie  theory 
Is  then  used  to  calculate  the  absorption  and  scattering  coefficients  which  ars 
then  fitted  by  a  polynomial  in  temperature  and  frequency.  The  coefficients  for 
the  fitted  polynomials  are  tabulated  for  various  distribution  parameters, 


2.  MIE  CALCULATION  AND  POLYNOMIAL  REPRESENTATION 


The  absorption 


and  scattering  coefficients  are  computed 
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The  Oafcs  and  QSC4  are  the  absorption  and  scattering  efficiency  factors 
respectively  for  a  single  particle  of  radius  r,  expressed  in  terms  of  Mie 
Coefficients  for  the  size  parameter  x  =  2  ir  r/ X  [1!,  where  X  is  the  wavelength. 
n(r)  is  the  dropsize  distribution  function,  which  is  discussed  in  the  next 
section.  The  coefficients  and  fi,  are  fitted  to  Eqs.  (2a)  and  (2b)  by  means 
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Here  t  is  the  temperature  in  Kelvin  and  f  the  frequency.  These  calculations  are 
carried  out  for  various  n(r).  t  and  frequency  and  the  polynomial  parameters  a.- 
and  s.j  are  tabluated  for  use  in  atmospheric  path  calculations.  J 
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3.  THE  SIZE  DISTRIBUTION  n(r) 

In  a  particular  frequency  range,  we  assume  that  the  dropsize  distribution  for 
either  water  or  ice  is  given  by  the  modified  gamma  function  with  the  four 
parameters  first  proposed  by  Deirmendjian  II]; 


n(r )  =  a  raexp(-b  r^  ),  a,7>0,  b  >  0.  a>-4. 


(3) 


This  form  of  monomodal  distribution  is  in  fact  quite  general.  It  includes  the 
well-known  Marshall-palmer  distribution  (7)  for  rain 


n(r)  =  16000  exp(-8.2  R-"-21  r)  in  mm-1  m-3  ,  (4) 


where  R  is  the  rain  rate  in  mm/hr,  and  also  the  inverse  r  distribution  with 
a  >  -4,7=  1,  b  =  0.  The  alternate  form  of  the  distribution  is 

n(r)  »  a  ra  exp  £-(  a /y  )  (r/r^  )**],  (5) 


where  the  critical  radius  r^  (radius  of  maximum  occurrence)  is  given  by 


(a/b7  r 


(6) 


For  finite  range  of  radii  between  two  cut-off  values,  negative  values  [8]  of  a 
and  7  can  be  used  in  Eq.  (3).  For  the  present  application  the  conditions  given 
in  Eq.  (3)  are  more  suitable,  in  general  Eq.  (5)  is  physically  more  meaningful, 
except  for  a  <  0,  when  rc  is  not  defined.  In  this  case  either  the  meaning  of  rp 
has  to  be  re-3efined  for  Eq.  (5),  Eq.  (3)  used  with  re-defined  b,  or  Eq.  (4) 
used  fora  «  0.  Here  we  use  Eq.  (5)  and  reduce  the  number  of  size-distributior. 
parameters  to  two,  by  means  of  the  quantities  liquid  (or  solid)  water  mass 
density,  M,  total  number  density  N,  and  dn/dr: 
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M  •*  JFP  (4/3)  x  r  n  ( r )  dr 

■  *  • 

N  -  a  f($L) /y  (  a/7  £ 


(7> 

(8) 


an 

dn/dr  ■  -  1 

r 

L 

where  §  »  c*7 


The  F  and  P  are 
hydrometeor. 


/rVY]  _$nAr 

-(tJJ-— • 

and  Ac  ■  r  ”  rc  ' 

respectively  the  conversion  factor  and  the  density  of  the 


Eqs. ( 6 )-(9 )  enable  us  to  choose  a  new  set  of  parameters  in  place  of  a,  b, a  , 
7.  The  critical  radius,  t>  ,  is  a  good  new  parameter  since  it  showB  the  location 
of  the  maximum  of  n(r).  The  other  parameter  is  8  ««7,  which  describes  the 
behaviour  of  n(r)  around  -  Eq ,  (9)  gives  the  slope  of  n(r).  For  large  8  ,  the 
drops  are  more  concentrated  around  rc ,  but  for  small  5  they  are  more  widespread. 
Figure  1.  For  example,  with  8  «  10,  an  609  change  in  r  will  drop  n(r)  by  90%, 
but  with  8  *  20  a  change  of  50%  in  r  has  the  same  effect.  For  8  -  0,  the 
Marshall-palmer  distribution  is  obtained,  with  r^  in  the  tables  for  computer 
access  (see  below)  re-defined  as  the  rain  rate.  For  negative  5  ,  t>  is  not 
defined,  but  b  *0.  The  remaining  parameter,  "a",  is  a  normalization  constant 
which  is  fixed  by  normalizing  to  M«1  g/m 3  in  (7).  Alternatively  we  could  have 
chosen  to  normalize  N  instead  of  M,  hut  this  1b  less  convenient  as  N  may  vary 
over  many  orders  of  magnitude,  depending  on  the  type  of  hydrometeor. 


4.  CALCULATION  OF  COEFFICIENTS  AND  POLYNOMIAL  FITTING 


We  first  tested  the  effect  of  varying  a  for  fixed  8  and  it  was  foi'.nd  that  the 
behaviour  wan  about  the  same  for  both  the  absorption  and  scattering 
coefficients.  Thus  it  is  usually  sufficient  to  characterize  a  distribution  with 
just  the  two  parameters  5  and  r,  and  in  our  calcluations  we  adopt  the  following 
values  of  c 

a  -  o  for  8  "  0 , 

-  2  for  5  <_8,  (10) 

a  -  8  for  8  >  8. 

For  greater  accuracy,  a  small  correction  may  be  applied  to  the  absorption  and 
scattering  coefficients  which  taXes  into  account  the  differences  arising  with 
other  values  of  a  ,  see  Section  6.  With  a  determined  by  (10)  then  ,  for  a  given  8 
and  Vr  ,  the  values  of  parameters  a,  a,  7  and  rt  (or  alternatively  a,  b,c/,7  ) 
are  fixed.  For  the  special  case  5  «  0,  we  obtain  the  Marshall-Palmer 
distribution,  in  which  the  only  other  parameter  needed  is  the  rain  rate;  for 
this  one  case,  in  our  computed  tables  of  at}  and  8(j  the  parameter  r  is  the  rain 
rate,  not  the  critical  radius  (see  Tables  1  and  2).  c 

For  a  given  set  of  size-distribution  parsmsters,  8  and  ij. ,  the  absorption  and 
scattering  coefficients  are  calculated  over  the  frequency  range  of  interest. 
These  coefficients  are  then  fitted  by  least  squares  to  polynomials,  Eqs. (2a)  and 
(2b).  If  necessary  the  frequenoy  range  is  broken  down  into  smaller, 
overlapping,  ranges  to  improve  the  quality  of  fit.  Altarnatlvely  the  orders  of 
the  polynomials  may  be  increased.  Calculations  for  watar  drops  and  for  ice 
crystals  are  separata  on  account  of  their  different  refractive  indices. 

Absorption  and  scattering  coefficienta  wer»  computed  for  various  selections 
of5  ,  and  ^  for  a  frequency  range  of  1  to  300  OUz.  Temperatures  were  selected 
between  253.2  K  and  308.2  K,  for  water,  and  between  253.2  and  273.2  K  for  ice. 
The  resulting  coefficients  vary  over  aeveral  orders  of  magnitude.  For  example, 
with  fi  -  6  and  rc*  250  fim,  characteristic  of  moderate  rain,  the  absorption 
coefficients  vary  from  4. 10x10”*  at  1  GHz  to  1, 01x10"*  at  300  GHz,  and  those  for 
scattering  from  1. 61x10”*  at  1  GHz  to  1.73x10”*  at  300  GHz.  For  some  n(r)  the 
coefficients  vary  over  seven  orders  of  magnitude,  and  it  was  found  necessary  to 
divide  the  frequency  interval  into  two  ranges;  1  to  15.4  GHz  and  15  to  300  GHz 
(for  both  liquid  water  and  for  ica  hydrometeors).  In  each  range  n -  8  and 
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9,  for  absorption  and  scattering  respectively,  Eqs.(2a,  2b).  On  the  other- 
hand  the  variation  with  temperature  is  much  less,  so  that  the  range  in 
temperature  encountered  in  the  Earth's  atmosphere  can  be  accomodated  with  one 
quadratic  polynomial  each  for  fig,  and  ^  .  Thus  for  these  calculations  there  are 
a  total  of  27  polynomial  parameters  for  absorption  and  30  for  scattering,  for 
each  size  distribution.  Table  1  is  an  example  of  the  results  and  shows  some 
tabulated  parameters  for  scattering  which,  with  Eq.  (2b),  can  be  used  to 
generate  scattering  coefficients  for  particle  size  distributions  specified  by 
it  m  6  and  rc  ■  0.05,  0.10,  microns,  etc.  Figures  2  to  4  show  examples  of  the 
dif ferences4,  found  between  the  Mie  calculations  and  the  computations  from  Eqs. 
(2a,  2b).  In  general  the  accuracy  is  quite  good,  at  most  a  few  percent,  except 
for  some  cases  near  the  ends  of  the  frequency  range.  Near  300  GHz  the 
discrepancy  rises  to  over  10%  in  some  cases. 


5.  PARAMETER  USE  IN  ATMOSPHERIC  SLANT  PATH  CALCULATIONS 

For  retrieval  and  use  by  our  slant  path  computer  program  the  polynomial 
parameters  are  organised  into  a  tree-structure  as  shown  in  Figure  5.  Retrieval 
of  the  required  set  of  parameters  then  follows  down  the  links,  e.g.  the  sequence 
CLOUD — >TABLE — >CUNB  collects  any  default  values  that  may  be  required  for  6,  r. , 
and  also  the  altitude  profile  for  cumulonimbus  cloud;  then  the  parameters  v 
required  for  the  calculation  of  absorption  and  scattering  coefficients  with  Eqs. 
(2a,  2b)  are  obtained  with  the  sequence  PARAM — >WATER — >FREQn — >[ABSO — > 
delta(*) — >cr. radiusi * ) ;  SCAT — >delta(*) — >crit.radius(*)) .  interpolations  are 
indicated  by  (*)  and  the  appropriate  frequency  member  FREQn  is  selected  for  the 
calculation,  or  more  than  one  if  required.  For  the  case  where  the  specified  6 
and  r£  coincide  exactly  with  the  tabulated  values  the  appropriate  parameters  are 
retrieved  and  the  absorption  (or  scattering)  coefficients  calculated.  In  other 
cases  interpolations  are  carried  out  over  and  again  over5  ,  using  a  3-point 
Lagrangian  scheme.  At  the  present  time  these  interpolations  have  to  be 
performed  on  the  calculated  absorption  coefficients,  rather  than  over  the 
polynomial  parameter  seta,  which  would  be  more  efficient.  This  process  provides 
absorption  coefficients  for  the  specified  temperature,  for  unit  path  and  unit 
mass.  Multiplication  by  the  appropriate  water  (or  ice)  mass  density  and  path 
length  then  follows. 

Table  ?.  shows  parameters  for  certain  types  of  cloud  and  rain.  A  table  like 
this  is  stored  in  the  parameter  data  set  (TABLE  in  Figure  5).  By  means  of  the 
acronym  a  user  can  select  default  values  for  a  particular  hydrometeor.  The 
parameters  for  ice  and  water  are  different,  on  account  of  their  different 
refractive  indices,  and  are  stored  separately,  Figure  5. 

program  instructions  then  take  the  form 
CLOUD, CUNB 

CLOUD  ; delta ,crit. radius .liq.wat, mass , base, top, cover 

RAIN, HE  j , rain-rate, , top 

CLOUD, CUNB  j  ,, liq.wat. mass, base, , cover 

etc 

The  program  uses  any  parameter  specifications  that  are  given.  If  the  cloud  or 
rain  type  is  specified  with  a  recognisable  acronym  then  any  missing  parameters 
are  obtained  from  the  appropriate  TABLE,  for  clouds  or  rain  respectively,  which 
also  contains  default  values  for  base  and  top  altitudes,  provision  is  also 
provided  in  the  data  sot  for  altitude  structure  in  specified  clouds,  which  are 
stored  a«  members  bearing  the  cloud  name  (acronym). 

Each  set  of  stored  parameters  has  stored  with  it  any  instructions  which  will 
be  required  by  the  program,  such  as  the  number  of  terms  in  the  polynomial  for 
temperature,  for  frequency,  and  sometimes,  if  required,  the  interpolation  scheme 
to  be  employed.  Similar  data  sets  are  used  by  the  program  for  molecular 
continua,  spectral  line  shapes,  aerosol  absorption  and  scattering  coefficients. 

A  current  change  being  introduced  in  the  program  instruction  list  is  recognition 
of  the  generic  name  PARTICLE,  bo  that  a  cloud  instruction  could  also  be  entered 
as 


PARTICLE, CLOUD, CUNB  )  etc 

The  program  then  looks  for  a  member  name  CLOUD  in  the  data  set,  and  proceeds  as 
before.  At  this  point  it  is  clear  that  one  can  introduce  cloud  data  under 
different  names  (CLOUD1,  CLOUD2 ,  etc),  or  something  quite  different,  e.g.  SMOKE, 
which  the  program  does  not  have  to  recognise  but  will  find  in  the  data  set. 
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6.  CORRECTION  TERMS  FOR  DIFFERENT  VALUES  OF 

As  mentioned  in  Section  4,  we  need  some  correction  if  we  are  concerned  with 
the  attenuation  results  when  a  values  are  different  from  our  those  given  in 
(10).  To  first  order  no  correction  is  required  for  absorption.  The  first  order 
correction  to  the  scattering  coefficients  obtained  using  Eq.  (2b)  is  independent 
of  temperature  and  frequency. 


(  $>  d  ) 

xs(S,d.) 


(11) 


/  ft 

where  7  is  obtained  from  7  =  6/0fand  on  the  left-hand  side  the  parameters  in  the 
denominator  are  the  conditions  of  the  stored  data  and  in  the  numerator  those  for 
the  desired  type  of  cloud.  Higher  order  corrections  can  be  considered  but  these 
depend  on  both  frequency  and  temperature  and  are  to  be  avoided  if  possible. 


7.  CONCLUSIONS 

This  paper  describes  a  method  for  including  clouds  and  rain  in  atmospheric 
radiation  attenuation  calculations.  Hydrometeor  extinction  properties  are 
stored  in  parametric  form  which  permits  flexibility  in  specifying  a  particular 
cloud  or  rain  for  inclusion  in  atmospheric  calculations.  The  study  was  made  for 
the  1  -  300  GHz  spectral  range  and  extensions  to  higher  frequencies  are  planned. 
Future  work  will  also  seek  to  improve  the  parameterization  and  interpolation 
schemes,  with  a  view  to  greater  accuracy,  smaller  data  sets  and  less  computing. 

Some  work  has  also  been  done  on  including  beam  de-polarization,  as  cross 
polarization  discrimmination ,  with  some  preliminary  consideration  of  the  plate 
and  needle  shapes  of  ice  crystals.  This  is  incomplete  but  is  of  special 
importance  in  the  microwave  region  where  ice  clouds,  which  do  not  attenuate 
significantly,  can  cause  appreciable  beam  depolarization.  Other  aspects  which 
can  be  considered  in  the  future  include  wind  effects,  on  rain  for  example, 
multiple  scattering  and  the  extension  to  non-spherical  particles. 
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Table  1.  Example  of  Coefficients  for  the 

Fitted 

Formulae  -  Scatter 

ing  by  CJ  oud 

(  5-  6> 

CLOUD 

SCAT 

nt  5  % 

9  2  6.00  0.05 

Freq.  Range 
(GHz) 

1.00  15.40 

-1.8843779E-23  4 . 4453726E-23-4 . 0153285E-23  1. 8689932E-23-3. 6342072E-24 
8.3739242E-25-9. 1734958E-26  5. 0781565E-27-1. 6693780E-28  2. 3650991E-30 
1.1867653E-25-2.8102622E-25  2. 5571114E-25-1. 2005028E-25  3. 2645043E-26 
-5 . 4718505E-27  6 . 041998 5E-28-3 . 3628904E-29  1. 1115008E-30-1. 5832584E-32 
-2. 1927926E-28  5. 1893085E-2B-4. 7199189E-28  2. 2153221E-28-6. 1004012E-29 
1.0084202E-29-1.1052746E-30  6 . 2066713E-32-2. 0542993E-33  2. 9252039E-35 
CLOUD  SCAT  9  2  6.00  0.10  1.00  15.40 

1.3517840E-22-3.2497515E-22  2. 9297562E-22-1. 3654296E-22  4 . B115454E-23 
-6.0031423E-24  5. 5574625E-25-3. 8013198E-26  1. 2990014E-27-1. 8282985E-29 
-1. 200787 5E-24  2 . 8699012E-24-2. 5752112E-24  1. 1929423E-24-3. 2024213E-25 
5.1949695E-26-4.8898129E-27  3 . 2413728E-28-1. 0987481E-29  1. 5416340E-31 
2.2364802E-27-5.34O1138E-27  4. 7865923E-27-2. 2142365E-27  5. 8731908E-28 
-9. 6218220E-29  9 . 1111081E-30-5. 9788097E-31  2. 0219819E-32-2. 8347340E-34 


Table  2  Some  Cloud  and  Rain  Default  Parameters 


Name 

Acronym 

6 

r£  (  n  in ) 

M  (g/nr* ) 

Ref 

RemarkB 

Mist 

MX 

0.5 

0.05 

4.948E-5 

1 

Drizzle 

DR 

0.5 

50 

0.4948 

1 

Light  rain 

LI 

1 

70 

0.117 

1 

Moderate  rain 

MO 

4 

333.3 

0.509 

9 

Heavy  rain 

HE 

6 

600 

2.110 

9 

Marahall-palmer 

MP 

0 

10 

0.6153 

•  rain  i 

Continuous  rain 

CO 

0 

5 

0.3437 

r.  «  rain  i 

Nimbostratus 

NS 

2.41 

9.67 

1.034 

9 

Stratus 

ST 

3.9 

6.75 

0.379 

9 

Altostratus 

ALST 

5 

4.5 

0.41 

10 

Altocumulus 

ALCU 

5 

4 

0.39 

Stra tocumulus 

STCU 

5.95 

5.33 

0.141 

9 

Cumulus 

CU 

6 

4 

0.06255 

1 

Cumulonimbus 

CUNB 

3 

5 

0.16 

10 

Nacreous 

NA 

24 

2 

0.00377 

1 

Cumiliform 

CUFM 

4 

4.5 

0.08 

Heavy  Fog 

HF 

3 

10 

0.37 

10 

Moderate  Fog 

MF 

6 

4 

0.06 

10 

Land  Haze 

LH 

1 

0.07 

1.167E-5 

1 

Noctilucent 

NO 

7 

50 

0.06 

Ice  cloud 

Cirrus 

Cl 

6 

no 

0.916 

Ice  cloud 

Cirrocumulua 

CICU 

6 

100 

0.6 

Ice  cloud 

CirroBtratus 

CIST 

6 

75 

0.39 

ice  cloud 

Hail 

HA 

2 

1000 

0.2878 

Ice  cloud 

0X55/1 
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Figure  5.  Data  Set  Organisation  for  Cloud*  and  Rain 

(Mawbar  lists  for  Mwb«r«  with  lower  caee  name 
contain  numeric  entries  for  Interpolation,  etc.) 
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DISCUSSION 

F.  NILES 

Are  you  making  an  assumption  that  the  rain  particle  size  distribution  is  constant  with 
altitude? 

AUTHOR'S  REPLY 

No.  Provision  is  made  in  the  data  set  for  storing  altitude  profile  information  -  under 
member  names  with  the  acronym  for  the  particular  cloud  or  rain  type. 

H.  S KETTLE 

I  have  a  comment  and  a  question.  First,  a  comment,  for  clouds  lowtran  and  fascode 
already  do  an  analytic  calculation  for  wavelengths  longer  than  0.2  mm.  This  uses  the 
liquid  content  of  the  cloud,  since  you  are  in  the  Rayleigh  limit,  details  of  size  are 
not  important  and  analytic  expressions  for  the  refractive  index  exist  for  water  and  ice. 
Second,  for  rain,  several  others  have  developed  analytic  expressions  for  millimeter 
wavelength  rain  scattering  and  absorption.  Ono  recent  one  was  by  R.  Issues,  et  al.  in 
Applied  Optics  a  year  or  two  ago  based  on  earlier  work  of  R.  Savage.  Have  you  compared 
your  expressions  with  any  others? 

AUTHOR'S  REPLY 

In  response  to  your  first  point,  we  are  aware  that  the  Rayleigh  approximation  can  be 
applied  at  these  frequencies.  In  fact,  absorption  and  scattaring  by  clouds  are  not  too 
important.  But  our  prima  objective  was  to  develop  a  procedure  for  our  computation  which 
could  also  ba  applied  at  higher  frequencies,  in  tha  infrared  and  visible.  Regarding 
your  question,  these  calculations  ware  dona  by  my  colleague  Dr.  Lui  and  I  do  not  know 
whather  he  has  made  such  comparisons.  I  rather  think  not.  Thank  you  for  your  comment, 
I'll  inform  him. 


n-\ 
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1  INTRODUCTION 

Over  the  oceans  and  other  large  bodies  of  water  the  structure  of  the  lowest  layers  of  the  atmosphere  is  often  strongly  modified  by  evaporation  of  water  vapour 
from  the  water  surface.  At  radio  wavelengths  this  layer  will  usually  be  strongly  refracting  or  ducting,  and  the  layer  is  commonly  known  as  the  evaporation  dua. 
However,  the  refractive  index  of  air  at  infrared  wavelengths  differs  from  that  at  radio  wavelengths,  and  this  paper  examines  the  effects  of  the  marine  boundary 
layer  on  the  propagation  of  infrared  radiation. 

Meteorological  models  of  the  rir-aea  boundary  layer  are  used  to  comptse  vertical  profiles  of  temperature  and  water-vapour  pressure.  From  these  are  derived 
profiles  of  atmospheric  refractive  index  at  radio  wavelengths  and  at  infrared  wavelengths  in  the  window  regions  of  low  absorption. 

For  duct  propagation  to  occur  it  is  necessary  that  the  refractivity  of  sir  decreases  rapidly  with  increasing  height  above  the  surface.  At  radio  wavelength:;  this 
usually  occurs  when  there  is  t  strong  lapse  of  water  vapour  pressure  with  increasing  height.  By  contrast,  at  infra-red  wavelengths  the  refractive  index  is  almost 
independent  of  water  vapour  pressure,  and  it  is  found  that  an  infra-red  duct  is  formed  only  when  there  is  a  temperature  inversion. 

2  REFRACT! Vn~y  OF  AIR  AT  INFRA-RED  AND  RADIO  WAVELENGTHS 
a)  Infra-red  wavelengths 

The  complex  refractive  index  of  air  in  the  infra-red  (IR)  region  of  the  electromagnetic  spectrum  is  dominafrd  by  the  effects  of  water  vapour.  In  this  region  there 
are  a  large  number  of  vibrational  and  rotational  resonances  of  the  polar  water  molecule.  These  resonances  affect  both  the  real  and  imaginary  parts  of  the  refractive 
index. 

The  imaginary  part  of  the  complex  refractive  index  determines  absorption,  the  real  part  -  ie.  that  which  is  usually  implied  by  the  simple  term  "refractive  index" 
-  determines  refraction.  The  resonances  cause  intense  absorption  of  [R  at  particular  wavebands,  but  dear  window  regions  of  low  absorption  occur  between 
resonances.  The  resonances  also  contribute  an  anomalous  term  to  the  atmospheric  refraction  (Le.  to  the  real  part  of  the  complex  refractive  index). 

The  reffactivity,  N,  at  IR  can  be  written  as  the  sum  of  three  terms,  a  dry  term  N„  accounting  for  the  atmospheric  gas  contribution,  a  wet  term  N.  accounting  for 
the  water  vapour  contribution  and  an  anomalous  term  N.  accounting  for  resonant  effects.  Thus 

N  =  V„+N.+N.  . (1) 


Formulae  for  these  terms  at  IR  are  given  by  Hill  [1).  When  convened  to  appropriate  units: - 

=  0.284N#  —  and  Nw  =  -12.79^ 


-.(2) 


and  thus 


N  =  0.284N,£-  12.79^+A'. 


—  (3) 


where  P  -  pressure  in  mb 

T  «  Temperature  'K 
e  »  Water  vapour  pressure  (mb) 

N,  -  Reffactivity  at  T-288’K,  P-1013  mb 

The  refractivity  N.  varies  with  wavelength  [1]  according  to:- 


V.- 64328  + 


29498.1  255.4 

146- Vi+41  -X*1 


....(4) 


where  X  is  the  wavelength  in  pm. 

It  can  be  seen  from  Equations  3  and  4  that  ■  infra-red  wavelengths  the  continuum  value  N,  (•  N4  +  N»)  is  only  weakly  dependent  oo  wavelength.  Il  can  also  be 
seen  from  Equation  3  that  the  dry  term  dominates  the  wet  term  under  normal  conditions.  For  example,  if  X-  10  pm,  P- 1013  mb,  Tc28S"K  ande-  17  rob 
(Le.  air  is  saturated)  thsn 


N.-272A  N4  -  2723 and N.- -0.75 

In  the  window  region  between  adaption  reaonances  (Le.  In  the  3-5pm  and  8-14pm  bands)  the  mmakms  term  N,is  fbtmd  to  be  small  [1],  e.g.  in  the  8-14pm 
region  its  value  b  approximately  -2  N-unkx. 

b)  Radio  wavelengths 

At  radio  wavelengths  the  resonances  of  the  water  vapour  molecule  arc  no  longer  important,  and  the  reffactivity  of  air  may  be  considered  to  have  a  value  that  is 
independent  of  frequency  up  to  mUlhneae  wave  frequencies.  The  refractivity  again  depend!  oo  ttroosphcric  preasme,  temperature  and  water  vspom  content,  and 
is  given  [2]  by> 
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.  TUiP  * 

*«  — — >373236^ 


<5) 


where  P.T  id  cot  as  defined  above.  In  this  expression  the  first  lonn  is  die  dry  term  N*  and  the  aeoond  irxm  u  the  wa  term  N.. 

Under  norenl  cooditiooa  (?»  1013  mb,  T -  MTK and  e  -  I7mb.ss  shove)  we  find 

*>272.9  twi  *.-76.5 

Non  ttet  die  Ay  l*m  is  msentially  the  same  m  for  the  IR  ax,  but  the  wet  term  N.  Is  very  much  Urger  than  in  the  R  case.  Although**  dry  term  u  «ii 
anaically  hrgw  4m  ebe  ww  term.  it  b  found  te  practice  that  the  normal!  y  araatered  vmimions  k  water  tapottr  prepare  exert  a  wronger  uflnence  on  rmMxat 
ta  refractivity  ttoan  do  vaijboeH  in  leapenMW.  Lc.  N*  Oaflaaci  more  wifely  than  N# 


TV  from  Equations  (3)  mid  (5)  it  tint  ut  IR  the  refractive  effeca  wij  be  OamettoA  by  the  vertical  lanpenmt  profile  of  dr  «imo^tere.  wtul*  ■ 

radio  wavetatebs  the  wmervnpoer  profile  it  of  greaser  importance.  Par  (taint  to  occur  it  is  necessary  that  the  reftactivity  of  (tut  m  Cecnaxt  npidly  wilt 
veterim.  height  above  the  surfme.  Ax  IR  (Ms  ocean  when  m  tengramre  increases  wi*  increasing  height  (dexrfed  as  a  unpentare  urvernoo).  Axmlio 

_ t-kaigthaitis  nsuaPy oectory to Inve a among lapse of wssor rspot* pressae with height  10 form s duo.  However,  the  tempers  profile  u  still  imports 

in  the  rwbo  case,  md  a  annperature  irrvenioe  will  reinforce  tie  refmctrviiy  gradient  caused  by  i  water  vapour  lapse,  whilst  a  imtpenture  lapse  wiD  weaken  it 


3  METEOROLOGICAL  ANALYSIS 
vi  Structure  of  the  AJr-Sra  Bnuarfarr  Lam 

Predkxkm  of  decntanagnetic  propagation  dose  to  the  sea  surface  require*  a  deoiled  knowledge  of  the  refractivity  structure  of  the  lowest  layers  of  the  semospbere. 
Practjal  nettitaan  of  the  required  parameter!  to  done  prmimity  to  the  sea  are  extremely  difficult  to  scoompltsh.  and  most  studies  of  overset  propagation 
have  made  me  of  theoretical  models  of  the  aructore  of  the  bosndssy  layer. 

The  Monm-Otaktov  aumbriry  dray  concerns  the  structure  of  the  sorface  layer  of  atmosphere,  and  it  was  used  successfully  to  model  the  radio  evaporation 
<loct  (3).  The  bmis  of  the  theory  is  dte  air  in  contact  with  the  aeauafsce  is  satmaedaDd  in  thermal  equilibrium.  The  atmoapbere  is  considered  to  be  fuDycxbulent 
above  the  Heat  and  vapour  are  txaoaporscd  by  nsbulcnoe  to  the  higher  layers.  The  theory  or  Morun  and  Obukhov  is  valid  for  the  lowest  few  tens  of 

metres  of  the  atmosphere  where  the  vertical  fluxes  of  momentum,  heat  Mid  water  vqxxr  are  apprexinuady  constant. 

For  this  botmdary  region  see  may  derive  the  foOowmg  practical  height  profiles  of  temperature  and  water  vaporr  pressure  D] 


where 

e,  -  surface  value  of  saturated  vapour  premre  (mb) 

T.  -  sea  sufacc  temperature  *K 

h.  -  effective  *ea  surface  roughness  (ra) 

L  -  MonmObukhov  stability  length  (m) 

CJ)  •  experimental  constants 

yr  -  the  integrated  Monin-Otmkhov  function 

The  iategraaed  MonmObukhov  function  is  a  tabulated  function.  In  condiliow  of  ncottil  stability  it  is  i»rely  logarithmic.  0t  should  be  noted  that  h.  represents 
the  surface  roughness  of  a  calm  sea  surface,  it  is  not  m  effective  waveheigU.  This  figure  was  taken  as  0.1 5  mm  as  this  was  found  to  be  qrpropriaie  fitan  other 
radio  Sudies.) 

An  important  limitation  of  the  theory  is  the  requirement  for  fully  developed  tnbuknce.  In  stable  atmospheric  conditions  uabulence  is  damped  out  by  buoyancy 
effects,  and  in  these  conditiora  the  theory  breaks  down.  In  general,  if  the  inverse  stability  length  1/L  becomes  appreciably  larger  than  zero  (ay  2/L  >  1)  then  this 
would  indicate  that  the  theory  is  no  longer  valid. 

3-2  Fjamglr  Profiks  in  the  Boundary  Layer 

The  meteorological  parameters  required  to  deduce  vertical  profilea  of  lempetstute,  T  and  water  vapour  pressure,  e  art  as  follows:- 

T.  •  sea  temperature  *C 

Tk  -  air  tempersture  'C  at  height  h 

e^-waser  vapour  pretsme  (mb)  at  height  h 

Uj  -  horaomal  wind  speed  (m/s)  it  height  h 

h  -  the  measurement  height  (tn)  shove  the  tea  surface. 

Prom  these  parameters  the  experimental  constants  (C  and  D  in  Equations  6(a)  and  6(b))  may  be  deduced.  Equation  6  may  then  be  used  to  calculate  the  vertical 
profilea  of  air  temperature  and  water  vapour  pressure  in  the  air-sea  boondary  layer.  Some  exanple  profiles  are  shown  in  Figures  1  and  2.  These  were  computed 
boo  meteorological  dma  collected  in  the  German  Bight  by  Brocks  et  a!  [4).  The  profiles  shown  are  representative  of  average  meteorological  conditions  in  this 
•ea  area;  for  the  great  majority  of  the  time  the  air  is  cooler  than  the  sea  surface,  leading  to  a  vertical  lapse  of  borh  temperature  and  water  vapour  pressure. 

The  compmed  profiles  of  T  and  e  were  need  in  cocjuncticio  with  Equations  (3)  and  (5)  to  genense  vertical  profiles  of  atmospheric  refractivity  N  at  both  IR  and 
radio  wavelengths;  the  results  are  shown  in  Figure  3.  The  sorbet  atmospheric  presstre  was  assumed  to  be  1013  mb,  sod  the  pressure  lapse  rate  was  taken  as 
41.1  tobju1.  The  meteorological  theory  employed  here  applies  only  tttfaessr-sea  botmdary  layer,  and  at  large  heights  above  the  surface  the  temperature  and  water 
vapour  profiles  lend  towards  those  of  the  normal  atmospheric  Upse  rate. 

At  IR  dm  refractivity  profile  dose  to  the  surface  is  domiaased  by  the  air  temperature  gradient;  the  strong  lapse  of  tempetstuic  in  the  lowest  few  metres  leads  to  a 
•rang  increase  of  refractivity.  At  greater  heights  (above  about  3  metres  in  the  example  shown)  the  temperature  lapse  me  is  much  sculler,  and  the  refractivity 
gradvaa  here  remits  pnocipaHy  from  the  lapae  of  mnoapheric  pressure  with  height  In  this  region  the  rtfractrvity  profile  tends  towards  the  IR  refractivity  lapse 
rale  at  a  normal  atmosphere  of  about  •  24  NAtm. 

At  radio  wivelengthr  the  dry  term  m  the  expression  for  atmospheric  refractrvity  is  almcm  identical » that  for  R.  However  the  net  term  exerts  a  stronger  rnflomce, 
and  Ac  prong  lapae  of  waser  vapour  pressure  in  the  lowest  few  metres  rente  in  a  strong  rebaetrvity  lapse.  At  greater  heights  the  te&aoivity  gradient  tends 
towards  (he  nonrid  atmosphere  radio  refractivity  lapse  rate  of  about  -40  Niton. 


C  GEC-Marconi  Limited  1 989 


I 


I 


t 


height, m 


Figartl  Vertical  profile  of  atanapheric  temperature, 

la  coaditioas  of  etroag  refraction  dote  to  the  surface  it  ij  efieo  mere  car 


height  ,m 


Figure  2  Vertical  profile  of  water  vapour  procure, 

to  weak  in  tom*  of  modified  refractivity  M  (neher  than  rebactivity  N),  defined 


M-N  +  b.lOVa 


when  M  is  modified  atmospheric  refractivity 

N  it  coBvmtiotuJ  atmocphcric  refractivity 
h  ii  height  above  the  surface  of  the  Earth  (tan) 
a  U  true  Earth  radius  (fan) 


Taking  tin  Earth  ratine  a>  a  -  6370  lua  this  bccoroci: 


M-N+157h 


,dM  dN 

da*"2T'S7 


height,  m 


Ptgarel  Vertical  profMaa  «f  aSawnphsric  rsfracSMty  K 

taftarad  an d  radio  wavilragtha 


height  ,  m 


M  units 


H«art4  Vertical  prafllm  of Brattled  refractfrttj  M, 

iafrared  aad  radio  autthagtit, 


TM  vmticrfpeofUm  of  amdiflad  reflectivity  MlmKaad  radio  inuolaagdn  are  shoere  la  Hgatc4(dneo  carvea  are  again  tor  tresageaieleotoioglcalcoadittoni 
-*t  "r~ n-  '"t"‘  .  r •)  H^ma  4  dearly  flows  that  at  ink)  wavedoagfle  thter  it  a  cgaificaat  artaai  itact  (he  evaporation  dact);  the  height  of  the 
does  ietts  height  at  which  4hMh-0.il  is  dboat  3  metne  in  ddaoaampie.  AbovettodtKttegrathMofredioeaodinedreftacdvUybecoaNdwi  of  a  Borstal 
W  cap>  ere  (dhMh  -  +117 II  Utito). 

At  Bt  swtahagflt  ha  ms  ■msnsrdnglral  aractare  la  aasa  to  be  awgiy  sabreflaedvo  (U.  dHMit  It  large  ead  poaklve  m  the  arises),  b  la  data  found  lobe 
iaappeoprinls  lo  describe  Set  sarface  layer  ae  sa  "avapoeadoa  duct'  whea  considering  lit  propagation.  Well  above  the  boueuiery  layve  Iks  gradient  of  lit  modified 
■aflactMqr  agaU  baooaMS  drat  of  a  aooaal  asaoeptare  (dMMh  — vlJ3  M-mduAas). 

(It  BMjr  be  aotsd  that  he  nomad  atmospheric  csadWaas  bodi  Dt  sad  radio  waves  an  nflnctod  sock  that  aear-horiaoalal  ray  paths  acquire  a  dowawanl  curvature. 
However  dm  eatvataesM  His  Ifcdaawmdma  half  that  at  radio  wasolsagdn.  Tlaaa  la  a  aonari  aflanpbere  the  effective  Barth  ndinilhcagr.k.  Is  1 34  at  radio 
wavekagdn,  but  is  aboatl.it  at  Kwaveicaglka.) 


i 
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4  EFFECTS  OF  ATMOSPHERIC  RETRACTION 

A  raytracing  program  has  been  used  to  ,-«lrnl»ir.  the  patix  of  infra-red  radiation  tod  radio  waves  propagwing  through  the  refractivity  strucuaei  described  above. 
The  methods  employed  in  the  raytracing  program  are  described  in  Reference  [5],  and  the  results  are  shown  in  Ftgwes  5  toi  6. 

In  each  case  a  family  of  rays  with  different  launch  angles  has  been  drawn  with  respect  to  a  flattened  Earth,  and  the  maximum  ind  minimum  launch  angles  art 
indicated.  It  ihould  be  noted  that  the  vertical  and  horizontal  scales  of  the  diagrams  are  very  different,  leading  to  a  great  exaggeration  of  angles  in  the  vertical 
plane.  In  fact  the  diagrams  include  only  rays  at  very  small  ingles  (fractions  of  a  degree)  to  the  horizontal. 


The  horizon  distance  fie  the  maximum  range  at  which  an  object  on  the  »ea  surface  is  visible)  is  readily  deduced  from  the  raytrace  diagrams.  It  is  the  maximum 
distance  at  which  a  ray  path  just  toucher  the  abscissa  of  the  graph.  A:  distances  beyond  the  horizon  range  the  ray  paths  are  refracted  upwards  before  they  reach 
the  surface,  and  the  surface  is  not  visible.  The  envelope  of  the  ray  paths  to  the  lower  right  of  Figure  5  in  fact  represents  the  ‘horizon  line"  of  an  IR  sensor,  below 
which  nothing  is  visible. 

In  the  case  of  tadio  propagation  (Figure  6)  the  same  ttmospheric  stractwe  is  now  ducting,  and  the  horizon  line  coincides  with  the  surface  of  the  Earth.  This  means 
that  for  any  distance  firom  the  aensor  it  is  possible  to  find  a  ray  path  that  reaches  the  sea  surface  at  that  distance,  and  (in  principle  at  least)  the  surface  is  visible  to 
very  large  distances.  In  practice  the  ray  picture  of  Figure  6  implies  that  radio  terminals  may  be  able  to  communicate  with  low  propagation  losses,  even  when 
separated  by  distances  well  beyond  the  horizon  ranges  for  IR  terminals  at  the  same  heights  above  sea  level. 


5  RELATIONSHIP  BETWEEN  JOB  AND  RADIO  PROPAGATION 

The  rebaedvity  of  air  was  shown  above  to  depend  on  the  atmospheric  pressure,  temperature  and  water  vapour  concentration.  The  relative  importance  of  these 
terms  depends  on  the  wavelength  of  electromagnetic  radiation  under  consideration.  For  the  case  of  IR  it  was  found  that  in  the  window  regions  the  refractivity  N 
is  almost  independent  of  water  vapour  pressure. 

At  radio  wavelengths  die  refractivity  depends  strongly  on  water  vapour  presswe  e  as  well  as  on  temperature  T,  and  the  vertical  gradients  of  e  are  usually  the  major 
factor  in  determining  the  vertical  profile  of  refractivity  N.  (It  may  be  noted  that  in  a  perfectly  dry  atmosphere,  ie.  e  «  0  mb,  the  refractivity  profiles  at  IR  and 
radio  wavelengths  would  be  essentially  identical,  Whence  the  propagation  behaviour  would  also  be  the  same.) 

Typical  profiles  of  T  wide  in  the  boundary  layer  (Figures  1  and  2)  display  a  vertical  lspse  of  both  temperature  and  humidity.  In  the  case  of  IR  propagation  the 
temperature  lapse  causes  refractivity  to  increase  with  height  and  hence  creates  sobrefractive  conditions.  In  the  case  of  radio  propagation  the  temperature  lapse 
also  cresses  a  tendency  to  sufcrefraction,  but  this  is  outweighed  by  the  effects  of  the  humidity  lapse.  The  decrease  of  e  with  height  causes  refractivity  to  decrease 
shaipty.and  the  combined  effect  of  the  T  and  e  profiles  is  adecrease  of  re&acthrity  with  increasing  height,  causing  super-refraction  or  ducting  at  radio  wavelengths. 

Studies  of  maritime  meteorological  data  have  suggested  that  there  is  a  fairly  strong  tendency  (but  not  an  invariable  rule)  for  negative  e  gradients  to  occur  with 
negative  T  gradients  and  vice  versa.  Thus  the  conditions  that  give  rise  to  ducting  at  IR  (positive  T  gradients  or  temperature  inversions)  tend  to  be  associated  with 
positive  e  gradients.  Depending  on  the  strength  of  tbe  e  gradients  this  may  cause  the  radio  refractivity  profile  to  be  either  mildly  or  strongly  subtefractive.  Thus 
suggests  that  conditions  causing  subtefraction  and  reduced  system  ranges  at  IR  will  usually  cause  super-refraction  and  extended  ranges  for  radio  systems,  while 
super-refraction  at  IR  usually  coincides  with  subrefraction  at  radio  wavelengths. 
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In  orW  to  illimratr  N*«vVhi+ » dM»h««e  ri mMenmlngical  ntMwvMinm  rrJ  Wxnd  during  the  HEXOS  experiment  [61  wu examined.  For  each  observation 
the  surface  gradients  of  modified  refrwivity  dM/Uh  woe  computed  for  both  IR  and  radio  wavelengths.  A  scatter  diagram  of  the  two  gradients  is  *own  in  Figure  7 
Evidently  there  is  a  fair  degree  of  irregularity  in  the  results  (as  would  be  expected  unless  the  T  and  e  profile*  were  perfectly  correlated).  However  the  diagram 
demonstrates  i  thirty  clear  trend  fordM/dh  at  IR  to  become  larger  in  a  positive  direction  (Le.  more  subrefractive)  as  dM/dh  at  radio  wavelengths  becomes  larger 
ini  negative  direction  (Le.  more  strongly  luperrefracting). 


Figure  7  Surface  gradients  of  modified  refractivity  dM/dh,  rndio  vs.  IR  (HEXOS  data). 


The  diagram  also  illustrates  the  fact  that  for  the  great  majority  of  cases  the  boundary  layer  is  more  or  less  strongly  superrefractive  at  radio  wavelengths,  whilst  it 
is  usually  subrefractive  at  IR.  (Note  that  the  axes  are  scaled  in  M-units/metrc.  Thus  in  a  normal  atmosphere  the  modified  refractivity  gradient  would  be 
+0.1 17  M-units/metre  at  radio  wavelengths  and  +0.133  M-unitsAnetre  at  IR.  The  gradients  in  Figure  7  are  very  strong,  but  they  occur  only  at  the  extreme  lower 
limit  of  the  atmospheric  boundary  layer.) 

6  SUMMARY  AND  CONCLUSIONS 

The  refractivity  of  air  at  IR  wavelengths  has  been  examined  and  compared  with  that  at  radio  wavelengths.  At  radio  wavelengths  the  refractivity  depends  on 
atmospheric  pressure,  temperature  and  quite  strongly  on  water  vapour  pressure.  However  at  IR  wavelengths  the  refractivity  depends  essentially  on  atmospheric 
pressure  and  temperature  alone. 

Models  of  the  structure  of  the  air-sea  boundary  layer  lead  to  the  conclusion  that  there  is  a  semi-permanent  duct  (the  evaporation  duct)  at  radio  wavelengths,  whilst 
M  IR  the  same  meteorological  structure  appears  lobe  aubrefrac tree.  This  leads  to  reduced  horizon  ranges  for  IR  systems  whilst  radio  systems  experience  reduced 
propagation  losses  and  increased  system  ranges. 

There  is  a  fairly  well  marked  negative  correlation  between  the  surface  gradients  at  IR  and  at  radio  wavelengths.  For  the  majority  of  time  the  atmospheric  boundary 
layer  over  the  sea  is  subrefractive  at  IR  and  supencfractivc  at  radio  wavelengths. 
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DISCUSSION 


J.  RICHTER 

You  may  bo  interested  in  actual  data  consisting  of  10.6  and  0.63  nicron  ■•asuraaont# 
which  wa  took  sobs  tan  yaars  ago  to  invastigata  rafractiva  banding  af facts  ovar  an  8.S 
km  ovar-watar  path;  wa  wars  specifically  intarastad  in  ranga  reductions  under  subra trac¬ 
tive  conditions.  ( Fainbarg ,  R. ,  H.  V.  Hitnay  and  H.  G.  Hughes,  "Marina  Boundary  Layer 
Effects  in  the  Infrared,"  NOSC  TN  555,  1978). 

AUTHOR ' 8  R1FLY 

I  would  ba  interested  in  your  data. 

J.  RIDOUT 

You  stated  that  subrefraction  is  normal  for  the  HEXOS  measurements.  Is  this  expected  to 
be  the  sane  for  other  geographic  areas? 

AUTHOR'S  REPLY 

I  showed  here  only  the  results  for  the  HEXOS  data,  but  wa  have  also  examined  other  data 
sets  from  the  North  Saa  and  various  parts  of  the  North  Atlantic,  and  found  essentially 
tha  sane  conclusion.  Dr.  Richter  has  just  stated  that  ha  also  found  subrefraotion  (at 
IR)  in  his  studies  off  the  coast  of  California. 

B.  ILORABTA 

The  sense  of  the  refractive  effect  sust  depend  on  tha  sign  of  tha  air-sea  temperature 
difference.  Both  lapse  and  inversion  conditions  exist  so  why  don't  your  results  show 
this? 

AUTHOR'S  REPLY 

I  showed  only  results  for  surface  refractivity  gradients  simply  as  a  matter  of  conven¬ 
ience.  In  fact,  the  surface  gradients  are  very  strongly  correlated  with  the  values  the 
air-sea  temperature  difference.  In  all  the  data  bases  that  wa  examined  tha  great  major¬ 
ity  of  measurements  showed  a  negative  air-sea  temperatura  difference. 

X.  ANDERSON  (COMMENT) 

Wa  have  a  database  of  air-sea  temperature  difference  covering  most  ocean  areas  -  the 
preponderance  is  for  air  temperature  less  than  sea  temperature. 


A  TEMPERATURE-DEPENDENT  REGULAR  INFRARED  BAND 
MODEL  FOR  ABSORPTION  AND  DISPERSION 


P.L.  Roney 

Defence  Research  Establishment,  Valcartier,  2459  Pia  XI  Blvd.  North, 
P.O.  Box  8800,  Courcalatta,  Quebec,  Canada,  GOA  1R0 


SUMMARY  -  A  teraperature-dupendent  infrarad  band  modal  for  tha  abaorption  and  rafraction  of 
spectral  linaa,  simultaneously  broadanad  by  Dopplar  and  colliaional  af facta,  la  davalopad. 
Tha  modal  alao  takaa  Into  account  tha  affacta  of  line-coupling.  Tha  caaa  of  a  aimpla 
diatomatic  raolacula,  in  tha  rotating  oacillator  approximation  ia  traatad.  Tha  raault  ia 
givan  in  tha  form  of  an  infinita  aariaa  which  convargaa  rapidly  and  ia  appropriate  for 
afficiant  computation. 


LIST  OF  SYMBOLS  - 

X  -  X'-iX“  -  complex  auacaptibility,  n  ■  N-lK  «  complex  refractive  index,  e  “  dielec¬ 
tric  conatant,  u  «•  permeability,  J  »  rotational  quantum  number,  S-  ■  line  atrangth, 
v  -  wavenumber,  vj, vq  ■  line  centra  wavenumber,  B‘,  B"  -  rotational  apactroacopic 
conatanta,  d  <•  B*  +  B",  I(J)  ■  intanaity,  Lj,  L  -  lina-coupling  coafficianta, 

S(T)  -  affective  band  atrangth,  ac  -  colliaion  half-width,  aD  -  Doppler  half-width, 
b  -  ln2/ag,  x  -  (v  -  v0)/d,  y  ■  a_/d,  t  -  x  +  iy,  a  -  bd2, 

E(r,a)  “  G(x,y,a)  -  iF(x,y,a)  "  oscillatory  line-shape  function, 
w(a,aj  *  complex  error  function. 


1 .  INTRODUCTION 


In  an  earlier  papor,  Ref.  1,  henceforth  referred  to  aa  I,  a  temperature  dependent 
band  modal  for  tha  abaorption  or  amiaaion  of  spectral  linaa,  simultaneously  broadened  by 
Dopplar  and  colliaional  effaats,  was  davalopad.  Tha  purpose  of  thia  modal  was  to  provide 
a  rapid  and  efficient  means  of  computation  of  tha  absorption  of  regular  or  symmetrical 
molecules  (a.g.  CO,  CO,,  NjO  and  CH^ ) ,  aa  oppoaad  to  tha  random  lina  modal  which  ia 
atrictiy  applicable  only  to  aaymmetric  molecules  such  as  H20.  Tha  purpoea  of  the  present 
paper  ia  to  sxtand  tha  scops  of  tha  modal  to  include  refractive  index  variations  within 
an  absorption  band,  and  also  to  inalude  tha  ef foots  of  line-coupling. 


2.  COMPLEX  SUSCEPTIBILITY  AND  REFRACTIVE  INDEX  FOR 
COMBINED  DOPPLER  AND  C0LL1SI0NAL  LINE-BROADENING 

In  order  to  introduce  tha  refractive  index  contribution  and  tha  effaats  of  line 
aoupling  into  the  infrared  band  modal  developed  in  I,  it  is  nsceasary  to  reoall  some  of 
the  relationships  betwesn  tha  coraplsx  ausesptibility  X  “  X'-iX",  ths  rafraotivs 
index  n  ■  N  -  IK  and  tha  dielectric  constant  t.  From  Maxwell's  classical  electromagnetic 
wave  theory,  for  a  medium  with  permeability  p  equal  to  unity,  we  have  the  following 
relationehipai 


e  -  1  +  4xX  (1) 


il1  ■  111  >  t.  (2) 


Equations  1  and  2  give  an  equation  for  the  susceptibility  X  in  terme  of  the  real  and 
imaginary  parts  of  the  rafraativa  index,  N  -  iK.  For  a  gaa,  where  N«1  and  N2-l  >>  K2, 
we  obtain 


2*X  -  N-l-iK, 


(3) 


In  tenua  of  tha  abaorption  coefficient  per  unit  length  k 

x  -  4xvK  -  8x2X " .  (4) 


The  theory  of  combined  Doppler  and  colliaional  line  broadsning  in  the  impact 
approximation  ^ ,  neglecting  colliaional  shifts,  line  narrowing  and  lina-coupling 
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effects,  gives  the  following  expression  for  the  complex  susceptibility  X 


s  b1  /2  „ 

2*X  -  (N-l-iK)  -  l  3-  —  J 


dv  e  -t>v2  [  (v-v  -v)-ia  ] 


(v-v  -v)2+a2 
J  J 


sT  b1/2  »  dv  e  ~bv 

y  - -  r  - 

j  n3/i  (v-v  -v  +io  ) 

J  J 


where  Sj  is  the  strength  of  the  line  located  at  wavenumber  vJ(  aj  is  the  collision 
half-width,  aD  is  the  Doppler  half-width  and  b  «  ln2/a£.  In  the  present  case  J  is  the 
lower  state  rotational  quantum  number. 


The  theory  of  Rosenkrantz  4  can  be  used  to  account  for  line-coupling  effects.  This 
is  a  first-order  theory  which  is  valid  at  low  pressures.  The  theory  was  originally  given 
only  in  terms  of  the  absorption  coefficient  K  for  collisi.onal  broadening.  Gentry  and 
Strow  5  have  shown  that  for  the  case  of  combined  Doppler  and  collisional  broadening 
Rosenkrantz 's  approximation  can  be  expressed  as 


3  b1  /2 


dv  e  _bv2  [a,  +  L  (v-v  -  -v)] 


(v-v  -v)2+a2 
J  J 


where  L  i3  the  first-order  line  coupling  coefficient.  More  details  on  the  line-coupling 
theory  can  be  obtained  from  Ref.  4.  In  order  to  extend  the  regular  infrared  band  model 
of  I  to  include  the  refract Ive  index  and  line-coupling  it  is  necessary  to  derive  the 
expression  for  the  quantity  (N  -  1)  corresponding  to  eq.  6.  This  is  accomplished  through 
the  application  of  the  Kramers-Krcnig  dispersion  relation  6  which  relates  the  real  and 
imaginary  parts  of  the  susceptibility  via  a  Hilbert  transform.  This  is  straightforward 
since  the  Hilbert  transform  is  relative  to  the  wavenumber  v  and  therefore  it  is  only 
necessary  to  perform  the  transform  over  the  frequency  dependent  part  of  the  integrand  of 
eq.  6.  The  result  for  the  complex  refractive  index  is 


s  b1 ' 2 

»  J  ^TTT- 


dv  e  V  {[  (v-v  J-V )  -L  ja  j]  -i[  a  j+Lj  (v-Vj-v)]) 


(v-v  -v)2+a2 
J  J 


s T  bl'2 
y  - 

J  xW2 


dv  e  bv  (1— iLT) 
J 


(v-v  -v  +ia  ) 
*J  J 


DERIVATION  OF  THE  TEMPERATURE-DEPENDENT  BAND  MODEL 


Wo  now  apply  the  methods  of  I  to  derive  the  regular  band  model  for  a  infrared 
vibration-rotation  band .  For  simplicity  we  treat  the  case  of  the  P  and  R  branches  of  a 
diatomic  molecule  in  the  rotating  harmonic  oscillator  approximation.  The  expression  for 
(N-l-iK)  of  eq.  7  for  this  case  can  be  written 


(N-l-iK)  -  S(T)  l 
J 


IR(J.)  b1/: 

x  J  — 


— Hw2 

dv  e  ( 1— iL  T ) 

J 


(v-v  -v  +io  ) 
C  .T 


where  Sj  has  been  split  up  into  a  band-strength  factor  S(T)  and  intensity  I(J)  which  is 
different  for  each  branch.  The  effective  band  strength  S(T)  is  treated  as  a  constant 
which  does  not  play  a  role  in  the  following  discussion.  The  intensity  factors  I(J)  and 
the  line-centre  wavenumbers  vc,  which  are  also  different  for  each  branch,  are  given  below 
in  terras  of  J  (and  a  related  number  m)  and  vibration  constants  B"(lower),  B’(upper 
state ) . 


I  (J)  -  (J+l)  oxp[ -J( J+l )hcB"/kT] 


ra  exp[ -m(m-l )hcB"/kT] ,  m  »  J+l 


■Hiffiii* 
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vc  -  v0  +  (B'+B-HJ+l)  +.. 

»  vQ  +  (b'+Bm )m+. m  -  J+l,  (10a) 

Ip(J)  -  J  exp[-J( J+l)hcBM/kT] 

-  -m  axp[-m(m-l )hcB"/kT],  m  ■  -J,  (9b) 

Vj,  »  Vg  -  (B'+B“)J  +.. 

«  vc  +  (B'+B")m+. ..  m  «=■  -J i  (10b) 

Defining  the  following  variables  x,  y  and  z  in  terms  of  the  lino  spacing  parameter  d,  we 
put 


x  -  (v  -  v0)/d,  ,  y  -  ac  /d,  z  m  x  +  iy,  a  -  bd2,  d  ■  (B‘  +  B" )  , 


where  it  i»  aesumed  that  all  aj  “  ac  and  all  Lj  ■  L.  (Note  that  the  variable  y  differs 
from  that  in  I  by  a  factor  of  2-n ) .  Equation  8  now  taXes  the  form 


(N-l-iK) 


S(T)  j" 
tn 


*1/2 


du  a  ”ou  (1-iL  ) 
(*  -  m  -  u) 


(11) 


The  retention  of  only  terms  linear  in  m,  in  the  denominators  of  the  Voigt  integrals  in 
aq.  11,  is  the  first  approximation  of  the  model  i.e.  neglect  of  interaction  between 
rotation  and  vibration.  This  approximation  is  essential  for  a  simplification  of  the 
mathematical  expressions.  The  next  approximation  is  the  replacement  of  the  disarete 
numbers  m  by  the  continuous  variable  x  in  the  Intensity  factors  l(m)  of  eq.  11.  As 
discussed  in  I,  the  juetifioation  for  this  approach  is  that  these  line  intensity  factors 
I(m)  are  slowly  varying  compared  to  the  rapid  fluctuation*  due  to  the  alternating  peaks 
and  troughs  of  the  individual  spectral  lines  (represented  by  the  Voigt  integral  terms). 
The  intensity  terms  X(x)  can  then  be  removed  from  under  the  summations  over  m. 

The  last  approximation  is  to  oxtend  the  summations  ovar  m  to  run  from  -•  to  +».. 
There  are  two  consequences  to  this  extension  of  the  summations.  On  the  onn  hand,  it 
allows  a  aonslderabla  simplification  of  the  mathematical  form  of  the  equation!,  which  in 
turn  greatly  reduces  the  computational  tima  and  complexity.  On  the  other  hand,  tho 
contributiona  of  the  R  and  P  branahes  must  ba  carried  out  aeparately  and  independently. 
Nevertheless,  a  good  approximation  is  obtained  for  the  overlap  contribution  from  one 
branah  to  the  other,  as  demonstrated  in  I.  The  extended  summation  also  introduces  a 
spurious  nonphysical  speatral  line.  This  is  due  to  a  mathematical  artifact  which  arises 
through  the  introduction  of  the  value  m  ««  0  which  ie  not  allowed  by  the  physios  of  the 
situation.  Applying  these  approximations  to  eq.  11  we  obtain 


whsre 


{IB(x),  x  >  0  ) 

>  [ E( z, a)  +  iw( e, a) ] ( l~iL)/d,  (12) 

Ip(x),  x  <  0  ) 


IR(x)  -  -  lp(x)  ■  x  exp[ -x(x-l)hcB"/kT] , 


(13) 


a 1 1 2  m  •*  du  e 

E(z'a3  ”  TsTT  X  / 


-au2 


*1/2  m  du  e 

"  *  T57T  /  ’ 


(e  -  m  -  u)  ' 
-au2 


(14) 


W(e,a) 


3  t  2 


(*  -  U  )  ' 


(15) 
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In  ths  R-branch  calculations  x  is  always  positive  and  in  ths  P-branch  calculations  x  is 
always  negative.  Ths  function  W(z,a)  of  sq.  14  is  ths  complex  error  function  and  is 
introduced  to  remove  the  spurious  central  line  produced  by  the  term  at  a  •  0  mentioned 
above. 


The  complex  function  E(z,a)  is  a  monopariodlc  function  of  x,  whose  imaginary  part 
produces  a  repeated  pattern  of  Voigt  line-profiles  and  whose  real  part  gives  a 
corresponding  pattern  of  refractive  index  profiles.  The  line  spacing  is  1  in  the  x 
domain,  for  both  the  P  and  the  R  branches.  E(x,a)  is  a  generalized  extension  into  the 
complex  plane  of  the  oscillatory  line-profile  function  Fv(x,p,a)  of  eqs.  25  and  33  of  I. 
The  function  E(z,a)  can  be  expressed  in  the  form  of  a  rapidly  convergent  infinite  series, 
which  is  more  convenient  for  computation  than  eq.  14,  by  a  method  analagous  bo  that 
employed  in  I.  The  detailed  of  this  derivation  are  treated  in  Appendix  A.  The  result  is 


E(z,a)  *  Q(x,y, a)  -  iF(x,y,a),  (16a) 

0(x,y,a)  -  2  j  e  -«*<2y+xk/a)  ,  (16b) 

F(x,y,a)  -  [1  +  2  7  e  -*k(2y+,ck/a)  COM( 2x1cx>  ] .  (16c) 


The  limit  of  E(x,y,a)  for  purs  Doppler  broadening  follows  directly  from  eq.16  by  putting 
y  ■*  0,  since  the  function  is  well-behaved  in  this  limit.  The  limit  for  pure  collisional 
broadening  is  derived  in  Appendix  A  and  gives  simple  analytical  functions.  The  real  and 
'imaginary  parts  of  eq.  12  have  been  separated  Hnd  the  resulting  equations  for  the 
refractive  index  and  the  absorption  coeffiaisnt  ars  summarized  in  Table  1. 


4.  CALCULATIONS 

In  order  to  illustrate  the  model  some  sample  calculations  havs  bssn  made. 

Figure  1  shows  ths  osaillatory  line  profile  function,  (F-f) ,  for  absorption  in  tha  cass 
of  purs  collision  broadsning,  with  a  half-width  of  .1  cm-1,  and  a  line  spaaing  of 
1  cm-1.  Figurs  2  shows  ths  oorrssponding  osaillatory  refraation  profils  'unation  (a-g). 
In  the  latter  case  it  ie  apparent  that  the  removal  of  the  spurious  lins,  by  ths 
subtraction  of  g,  is  not  per fact.  The  reason  for  this  is  that  ths  subtraction  of  ths 
spurious  singls  line  at  the  centre  does  not  sxactly  compsnsats  entirely  for  lins  wing 
overlap  contributions.  Figures  2  and  3  illustrate  the  P  and  R  branch  absorption  and 
refraction  respectively,  both  without  line-coupling.  The  conditions  ars  the  same  as  for 
Figs.  1  and  2  and  a  temperature  of  I00K.  This  low  temperature  has  bssn  chosen  in  order 
to  show  a  large  part  of  tha  band  using  relatively  few  lines.  Figures  5  and  6  show  soma 
of  the  effects  of  line  coupling.  For  these  figures  a  relatively  large  value  of  L  *  .5 
has  been  chosen  in  order  to  exagerate  the  effeats.  For  the  case  of  absorption,  Fig.  4, 
ths  effect  is  fairly  small.  Ths  line  peaks  ars  not  affected  which  is  to  be  expected 
since  (N-l)  Is  zero  at  ths  line  centres.  Ths  main  effect  is  a  reduction  of  the 
underlying  continuum  absorption  in  ths  line  troughs.  Ths  effsat  of  lins  coupling  is 
mors  dramatic  for  the  refraction  apeatrum  of  Fig.  6.  The  refraation  line  "peaks"  are 
all  depressed  to  lower  values  and  ths  whole  shape  of  the  band  in  refraction  iu  changed. 
Again  this  is  to  bs  expected  since,  for  positive  L,  tha  effect  of  aoupllnq  is  negative 
and  is  a  maximum  at  ths  absorption  line  centres  where  ths  refraction  (N-l)  is  normally 
zero  without  line-coupling. 


5 .  CONCLUSIONS 

The  model  gives  a  reasonable  representation  of  absorption  and  refraation  in  a 
simple  diatomic  nolsaula.  The  calculation  is  vary  rapid  and  efficient  and  should  provide 
a  useful  tool  for  examining  specific  problems  as  well  as  considerably  symplifying 
calculations  in  atmospheric  transmission  models  involving  the  Voigt  profile.  Limitations 
of  ths  modal  ars  ths  fixed  spaaing  bstwsan  lines  and  ths  use  of  an  average  value  for  the 
line-coupling  coefficient.  Ths  latter  limitation  can  be  overcome  if  ths  variation  of  L 
with  J  is  uniform  and  can  be  functionalized  simply. 

A  mors  important  problem  is  the  representation  of  Q  branches.  Here  the  model  must 
bs  improved  to  take  into  aocount  ths  very  rapid  variation  of  line  spacing  within  a  C 
branch,  This  will  be  ths  subject  of  future  Investigations. 


LINE  PROFILE  FUNCTION 


LINE  NUMBER  VARIABLE  x 


Fig.1  The  oscillatory  function  F:  Lorentz  profile  with  d 
ae  =  0,1  cm"' 


Fig, 2  The  oscillatory  function  G:  Lorentz  profile  with  d 
a  -  0,1  cm-1 
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ig.3  The  normalized  absorption  coefficient  for  a  diatomic  molecule: 
Lorentz  profile  with  a  =  0.1  cm'1,  d  =  1  cm'1,  T  =  100K,  L  = 
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Fig. 4  The  normalized  refractive  index  for  a  diatomic  molecule: 

Lorentz  profile  with  rx,  =  0.1  cm'1,  d  —  1  cm’1,  T  =  100K,  L 
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Fig. 5  The  normalized  absorption  coefficient  for  a  diatomic,  molecule: 
Lorentz  profile  with  a  =  0,1  cm"',  d  =  1  cm"1,  T  =  100K,  L  = 
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Fig, 6  The  normalized  refractive  index  for  a  diatomic  molecule: 
Lorentz  profile  with  a  =  0.1  cm'1,  d  =  1  cm"1,  T  =  100K, 


TABLE  I 


Equations  for  the  refractive  index  and  the  absorption 
coefficient  for  a  diatomic  molecule 
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APPENDIX  A 


EVALUATION  OF  THE  FUNCTION  E(z,asq) 


From  eq.  14  wo  have  E(z,a>q)  in  the  form 


E(z,a) 


1 1 ' 2  <•  m  due 

TiT  J  [  (~  _ 


(z-m-u) 


The  summation  over  the  denominator  of  the  integrand  of  eq.  AI  can  be  expressed  in  the 
form  of  a  cotangent  as  follows. 


v - i - 

-t  (z-m-u) 


—  7  - - -  +  - — - 1,  on  changing  the  sign  of  m, 

2  L<z-U"m)  ( z-u+m) J  *  a 


■  (z-u)  y  - - - —  ,  on  recombining  terms, 

(z-u)2  -  m2 

»  -  -'■■■-  +  2  ( z-u)  l  - - - -  it  cot  [n(z-u>]  (A2) 

U-u)  j  (z-u)2  -  m2 

where  the  last  form  follows  From  the  expansion  of  cotangent  as  a  partial  fraction. 
Writing  the  complex  variable  z  =  x  +  iy,  and  expanding  the  cotangent  in  terms  of  sines 
and  cosines  we  obtain  from  eq.  A2 

—  I  - — - — -  -  cot  [tt(z-u)  ]  -  cot  [*  (x+iy-u)  ] , 

s  (z-m-u) 

[sin  2x (x-u)  -  isinh  2»y]  ^ 

[cosh  2ny  -  cos  2ij(x-u)]  ' 

-  (2  l  e'2l(kyBin  2*k(x-u)  -i[l  +  2  J  e~2l,kycos  2*k(x-u)]}.  (A4) 

1  1 

This  last  expression  follows  from  the  following  two  formulae  to  be  found  in  Ref.  7 


cosh  t  -  cos  x 


■  2  J  e"xtsin  kx, 


cosh  t  -  cos  x 


1  +  2  [  e  xtcoa  kx . 


Recombining  the  real  and  imaginary  parts  of  eq.  A4  we  obtain 

-L  l  - 1 - -  .  -i  [1  +  2  %  e^2xk(  z-u)  i  _ 

x  _i  (z-m-u)  l  J 

Substituting  for  eq.  A5  in  eq.  Al  for  E(z,a)  the  integration  is  now 
straightforward.  We  obtain 

E(z,a)  -  i(a/*)1/2  [/  du  exp(-au2)+2  J  exp(i2*kz)  /  du  exp(-au2-i2nku) ] , 

■  -i  [ 1  t  2  l  exp(i2xkz  -  *2k2/a)]. 

1 

Separating  the  real  and  imaginary  parts  of  eq.  A6  we  obtain 

E(z,a)  -  G( x, y, a)  -  iF(x,y,a), 


«  -xk(2y+nk/a) 

G(x,y,a)  ■  2  J  e  sin(2-nkx), 

1 
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F( x, y, a)  *  [1  +  2  l  «"1,k(2y'H'k/,a>co«(2*kx)  .  (A9) 

1 


Ths  limit*  of  G(x,y,a)  and  F(x,y,a)  for  pure  Doppler  broadening  follow  directly 
from  eg*.  A10  and  All  by  putting  y  ■  0.  The  limits  for  pure  colliaional  broadening  can 
be  most  coveniently  obtained  by  substituting  for  eg.  A3  in  eg.  A1  and  carrying  out  the 
integration  in  the  limit  a  +  «•,  (i.e.  an  +  0) .  The  result  is 


c(x.y)  + 

sin 

(2,x) 

(A10) 

[  cosh 

(2xy) 

-  cos ( 2x  x)  ] 

F(x,y)  + 

sinh 

(2*y) 

(All) 

[  cosh 

<2„y) 

-  cos ( 2x  x)  ] 

DISCUSSION 


A.  XOHNLS 

The  absorption  coefficients  are  normalized  with  respect  to  the  effective  band  strength 
S(T).  How  do  you  calculate  S(T)? 

AUTHOR'S  REPLY 

The  effective  band  strength  S(T)  is  composed  basically  of  the  dipole  strength  factor, 
and  the  vibrations  and  rotational  position  sums.  The  latter  is  temperature  dependant. 
Also  S(T)  does  have  a  weak  wavenumber  dependence  which  has  been  neglected  in  the  formu¬ 
lation  of  the  model. 
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UV  SPECTRAL  SIMULATIONS  USING  LOWTRAN  7 

G.P.  Anderson,  F.X.  Kneizys,  E.P.  Shettle,  LW.  Abreu, 

J.H.  Chetwynd,  R.E.  Huffman,  and  LA.  Hall 

Air  Force  Geophysics  Laboratory,  Hanscom  AFB,  MA  01731,  USA 


SUMMARY 

LOWTRAN  V  is  a  low-resolution  propagation  model  and  computer  code  for  predicting  atmospheric 
transmittance  and  background  radiance  from  0  to  50,000  cm-1  (wavelengths  greater  than  0.2/rm).  The  current  model, 
released  in  February  1989,  is  a  major  extension  of  the  LOWTRAN  6J  model.  In  addition  to  incorporating  new  and 
improved  molecular  band  models  (primarily  influencing  IR  calculations),  LOWTRAN  7  has  been  particularly  adapted  for 
basic  ultraviolet  transmittance  and  radiance  calculations.  It  now  contains  a  0.2nm  resolution  extra-terrestrial  solar  source 
function  along  with  temperature-dependent  03  (Hartley-Huggins)  and  pressure-dependent  02  (Herzberg  continuum) 
absorption  cross  sections.  The  02  Schumann-Runge  band  absorption  has  been  patterned  after  the  IR  band  model.  As  with 
past  versions  of  LOWTRAN,  the  line-of-sight  viewing  and  solar  incidence  geometry  can  be  arbitrarily  configured  for  either 
direct  or  backscattered  calculations.  Both  solar  and  thermal  multiple  scattering  are  accommodated. 

Initial  validations  of  the  UV  portions  of  LOWTRAN  7  have  been  made  against  two  separate  AFGL 
spectrometers.  Excellent  agreement  has  been  found  with  UV  data  from  a  balloon-borne  spectrometer  designed  to  measure 
in  situ  solar  irradiance  within  the  stratosphere.  These  direct  solar  observations,  all  at  high  sun  angles,  were  made  at 
stratospheric  altitudes.  Ultraviolet  background  measurements  in  the  0.2-0.29/rm  wavelength  region  were  made  from  the  S3- 
4  satellite  in  a  polar,  sun-synchronous,  nadir-viewing  orbit.  For  moderate  to  high  solar  incidence  angles,  the  backscatter 
comparisons  with  LOWTRAN  7  are  again  reasonable  (generally  within  10%).  With  the  sun  on  the  horizon,  however,  the 
twilight  airglow  becomes  a  dominant  feature;  such  emission  sources  are  not  incorporated  into  IGWTRAN. 


I.  INTRODUCTION: 

Spectroscopic  data  describing  the  ultraviolet  absorption  properties  of  molecular  oxygen  and  ozone  have  been 
collected  for  incorporation  into  both  FASCODE1  and  LOWTRAN.  The  data  include  the  02  Herzberg  continuum  and 
Schurnann-Runge  bands  and  the  Os  Hartley  and  Huggins  bands.  All  of  these  systems  result  in  the  dissociation  of  the  parent 
molecule  and  the  creation  of  atomic  oxygen.  The  ncn-dissociative  Herzberg  bands  are  not  currently  part  of  the  data  set 
although  they  may  be  important  for  accurate  transmittance  calculations  near  the  surface.  In  addition,  LOWTRAN  7 
provides  a  new  solar  irradiance  and  the  ability  to  calculate  its  direct  and  scattered  components.  [NOTE:  The  scattering 
algorithms  (single  and  multiple)  are  also  designed  for  thermal  radiation.] 


2.  MOLECULAR  PROPERTIES; 

The  dissociation  of  oxygen  allotropes  Is  of  paramount  importance  to  the  chemical  makeup  of  the  earth's 
atmosphere.  The  strongly  absorbing  02  Schumann-Runge  and  weaker  Herzberg  systems  influence  different  altitude 
regimes  in  the  atmosphere  because  of  the  relative  strengths  of  their  respective  transition  probabilities.  Figure  1  (after 
Watanabe4)  shows  the  approximate  depth  of  penetration  of  solar  irradiance  throughout  the  UV  spectral  range.  In  general, 
solar  radiation  in  the  0.175  to  0.2/rm  spectral  region  is  completely  absorbed  by  the  Schumann-Runge  system  at  altitudes 
above  40  Km.  Towards  longer  wavelengths  (greater  than  O.^um)  absorption  by  ozone  begins  to  compete  with  the  residual 
Schumann-Runge  and  Herzberg  absorption;  the  combination  does  not  allow  solar  energy  at  wavelengths  less  than  0J|im  to 
penetrate  to  the  surface.  In  ;  Idition  to  this  shielding  of  high  energy  solar  radiation,  the  UV  absorption  properties  of  ozone 
provide  the  dominant  source  uf  stratospheric  heating. 


2.1.  HERZBERG  CONTINUUM: 

While  the  Herzberg  continuum  absorption  is  small  relative  to  both  the  Schumann-Runge  and  ozone 
contributions,  it  is  very  important  to  the  maintenance  of  stratospheric  photochemical  balance.  Until  recently  the  Herzberg 
continuum  was  thought  to  be  almost  40%  stronger  than  the  current  estimate.  Because  it  lacks  any  detailed  spectral 
structure,  the  absorption  properties  are  readily  described  by  an  analytic  function  proposed  by  Johnston  ct.al.5.  After  fitting 
the  combined  measurements  of  U.S.and  French  laboratories4  to  a  function  of  this  form,  the  cross  section  can  be  expressed 
as: 


o(c^m)  -  6.88e-24  R  exp  (-69.7374  { In  (R)  }J  ] 

where:  R  -  0.20487/Or) 
and;  n  -  wavelength  in  fim 

This  equation  generally  reproduces  both  data  sets  to  within  5%. 
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The  longevity  of  the  erroneously  large  Herzberg  values  can  be  traced  to  their  pressure  dependence,  related  to 
dimer  formation.  The  cross  sections  are  so  small  that  laboratory  determinations  must  rely  on  high  pressure  techniques  to 
create  the  necessary  opacities.  Historically,  extrapolation  to  zero  pressure  was  attempted,  but  with  poor  success.  In  fact, 
long-path,  low  pressure  stratospheric  measurements  of  attenuation  of  solar  irradiance  provided  the  first  verification  that  the 
laboratory  estimates  were  seriously  wrong7'1. 

Accurate  determination  of  the  pressure  dependence  of  03  within  an  02  environment  is  still  a  necessary  part  of 
the  laboratory  procedure  when  measuring  die  cross  section.  Yoshino  et.al.6  provide  an  equation  of  the  form: 

o(p^m)  «  o(o^m)(l.  +  (r(/im)/o(o,«m))  x  P02(Ton)) 

where  r(/4in)  represents  the  pressure  dependent  term.  However,  because  of  coding  considerations,  the 
FASCODE/LOWTRAN  formulations  replace  the  spectrally  dependent  T  with  a  proportionality  constant, 

r(«m)/o(o^m)  -  1.81e-3  , 

that  is  good  to  within  10%  for  most  of  the  Herzberg  spectral  range  (between  0.20  and  0.23/4m);  see  Fig.  2.  The  errors 
gradually  increase  to  30%  at  024/4m.  The  magnitude  of  this  wavelength-dependent  error  is  generally  tolerable  because  the 
pressure  contribution  is  often  a  fractionally  small  portion  of  the  diminishing  02  cross  section  which  is,  in  turn,  overwhelmed 
by  the  ozone  cross  section.  However,  near  the  surface  (high  pressures  and  low  ozone  mixing  ratios)  the  errors  can  become 
significant. 


Atmospheric  pressure  dependence  is  also  governed  by  interaction  with  N2  (02-N2  dimer  formation). 
Shardanand9  has  provided  an  estimate  of  this  effect,  N,  being  approximately  43%  as  efficient  as  pure  02.  Fig.  2  shows  the 
degree  of  spectral  similarity  between  the  N2  dimer  effect  and  the  pure  Herzberg  absorption,  o(oj<m),  so  it  has  similarly 
been  scaled  to  o(o^m).  The  pressure  dependence  of  the  Herzberg  continuum  for  a  combination  of  21%  02  and  78%  Nj, 
including  the  45%  efficiency  factor  is  then: 

o(p,am)  *  cfopm)  (1.+  .83  (P/Pa)(T0/T))  . 

The  total  pressure  has  been  replaced  by  a  normalized  density  function  with  P0  and  at  STP. 

As  mentioned  above,  the  Herzberg  bands  are  not  included  explicitly  in  FASCODE  and  LOWTRAN.  While  they 
would  not  contribute  to  the  photochemical  production  of  odd  oxygen,  some  contribution  is  expected  in  the  total 
transmittance  calculations10.  This  has  been  approximated  in  LOWTRAN  7  and  FASCOD3  by  extending  the  Her-  berg 
analytic  equation  to  longer  wavelengths  ( 0.277/4 m  or  36000cm1)  with  a  linearly  smooth  damping  to  zero  absorption  at  that 
arbitrary  cutoff.  The  errors  introduced  by  this  approximation  are  potentially  serious  for  transmittance  calculations  for 
ozone-poor  lines  of  sight  (such  as  solar-blind  calculations  at  the  surface11).  However,  for  most  general  cases  the  effect  of 
the  omission  is  not  discernible.  Eventually  a  more  correct  band  model  approximation  will  be  developed  within  the  context 
of  LOWTRAN. 


22.  SCHUMANN-RUNGE  BANDS: 

The  02  Schumann-Runge  band  analysis  has  been  addressed  in  two  ways:  (1)  a  line-by-line  spectroscopic  atlas, 
similar  in  format  to  the  HITRAN  database12,  has  been  calculated  from  published  energy  levels;  and  (2)  a  one  parameter 
20cm-1  resolution  band  model  has  been  generated  for  incorporation  into  LOW! RAN,  Using  the  new  altlas,  line-by-line 
syntheses  of  the  Schumann-Runge  cross  sections,  including  temperature  dependence  of  the  vibronic  population  levels,  have 
been  created  using  FASCOD3;  this  effort  be  will  be  described  elsewhere.  It  is  important  to  note,  however,  that  while  the 
Schumann-Runge  system  exhibits  very  rich  spectral  structure,  including  rotational  splitting  at  fractions  of  a  wavenumber 
separation,  the  half  widths  of  the  lines  are  sufficiently  broadened  by  predissociation  to  be  independent  of  pressure  and 
temperature.  Figure  3  shows  a  portion  of  the  new  database,  giving  line  positions  and  relative  strengths  at  line  center;  the 
triplet  structure  is  not  depicted.  Individual  band  groupings  are  easily  identified. 

The  20cm-1  band  model  for  the  Schumann-Runge  system  (as  currently  available  In  LOWTRAN  7)  was 
developed  from  a  similar  line-by-line  formulation13  with  additional  laboratory  input14.  The  band  model  Is  both  preliminary 
and  inadequate  for  detailed  spectroscopic  calculations  because  it  does  not  properly  simulate  the  strong  temperature 
dependence  of  the  02  cross  sections  brought  about  by  the  change  in  population  of  the  first  excited  state  (v"»  1),  This  effect 
is  strongest  in  the  spectral  regions  away  from  tbe  v"«0  band  heads  (i.e.  in  the  window  regions).  Solar  energy  penetrates 
deepest  into  the  atmosphere  in  just  these  window  regions  so  improvement  in  the  formulation  is  mandatory  if  it  is  to  be  used 
for  photochemical  calculations. 

Given  these  stated  inaccuracies,  the  band  model  does  show  reasonable  agreement  with  in  situ  measurements  of 
the  depleted  solar  irradiance.  In  Figure  4  data  from  the  1983  balloon  flight  of  a  single  dispersion  half-meter  Fbert-Faitie 
spectrometer15  is  compared  to  simulated  data  using  the  new  Schumann-Runge  bund  model.  These  calculations  also  include 
other  major  portions  of  the  LOWTRAN  7  algorithm,  particularly  the  Herzberg  continuum  and  ozone  moss  sections.  Tbe 
only  exception  to  LOWTRAN  7  compatibility  is  the  solar  irradiance;  the  lack  of  solar  spectral  signature  can  be  seen  near 
0.199/im  (199nm)  in  tbe  simulated  data.  The  band  model  algorithm  is  patterned  on  that  developed  for  the  IRU,  including 
the  use  of  their  fitting  parameters  for  02.  A  single  spectral  function  (C(um)]  has  been  calculated  for  the  wavelength  range 
from  0.187S  to  0.203/4 m.  When  a  more  sensitive  band  model  is  developed,  the  wavelength  range  for  LOWTRAN  will  be 
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extended  to  include  the  entire  Scbunuuin-Runge  system.  It  is  expected  that  this  new  band  model  will  separate  the  v"-0 
from  the  v’-l  bands,  with  the  treatment  of  the  ground  state  transitions  remaining  as  described  here.  [NOTE:  while  the 
preliminary  band  model  parameters  are  available  within  the  LOWTRAN  7  coding,  they  are  not  directly  accessible  for 
wavelengths  smaller  than  0.2)rin.  This  limitation  is  imposed  by  an  "if-test"  related  only  to  the  nonavailablility  of  the  aerosol 
functions  for  these  wavelengths;  the  solar  irradiance,  Rayleigh  scattering  coefficients  and  an  estimated  Herzberg 
continuum  are  all  provided.] 


2J,  OZONE: 


Absorption  by  ozone,  the  remaining  UV-active  oxygen  allotrope,  is  described  in  both  FASCODE  and 
LOWTRAN  by  a  temperature-dependent  (quadratic)  continuum.  This  continuum  includes  two  major  bands,  the  spectrally- 
overlapping  Huggins  and  Hartley  systems.  [NOTE:  Steinfeld,  et.al.11  present  an  excellent  review.]  The  Hartley  band  is  by 
far  the  more  efficient  at  production  of  the  first  excited  state  of  atomic  oxygen,  O('D),  with  approximately  88%  efficiency, 
while  the  Huggins  band  fragmentation  generally  leads  to  the  ground  state  product  for  atomic  oxygen,  0(3P): 


and: 


Oj  +  hv— ->  02(3E)  +  0(3P)  :  Huggins 

0.36/rm  >  wavelengths  >  0.31/rm 

0}  +  hv-— >  Oj('A)  +  0(lD)  :  Hartley 

wavelengths  <  0.31/<m 


The  atomic  oxygen  exc-tation  state  is  critical  to  subsequent  photochemical  reactions  because  O('D)  is  the  energetically 
preferred  partner.  The  Hartley  band  absorption  is  very  strong,  exhibiting  only  marginal  structure  and  generally  no 
temperature  dependence.  The  Huggins  system  has  a  much  more  pronounced  band  structure  and  moderate  to  strong 
temperature  dependence,  although  the  features  arc  still  broad  enough  not  to  be  amenable  to  detailed  line-by-line 
representation  (Figure  5).  [Note:  Katayarna1*  has  established  definitive  vibrational  assignments  and  inferred  a  band 
origin.) 


Studies  of  the  ozone  absorption  cross  section  have  been  available  since  the  early  1900's.  The  relatively  recent 
measurements  of  Bass  and  Paur19  form  the  basis  of  LOWTRAN  7-FASCOD3  formulation.  Their  values,  including 
quadratic  temperature  dependence,  are  provided  at  5cm'1  intervals  from  41000  to  30000cm'1  (0.24  to  0.33/im).  Subsequent 
measurements  of  Molina  and  Molina™  have  been  used  in  combination  with  those  of  Yoshino,  et.al.21  to  expand  the 
temperature  dependent  range  to  0.34/1  m,  with  a  final  extension  to  0.36/<m  using  the  values  of  Cacciani,  et.al.22-23.  At 
wavelengths  lees  than  0.24/rm,  the  temperature-independent  values  of  Molina  and  Molina  were  again  adopted  (between 
0.18  and  0.24/1!".).  The  various  data  sources  agree  very  well  (usually  better  than  3%)  in  the  regions  of  overlap.  All  feature 
replication  is  real  and  suitable;  that  is,  the  small  spectral  features  are  represented  at  their  natural  resolution  such  that  a 
line-by-line  calculation  would  not  provide  significantly  greater  detail. 


3.  SOLAR  IRRADIANCE: 

The  LOWTRAN  7  Transmittance/Radiance  program  now  includes  a  new  solar  spectrum  fer  calculating 
scattered  (single  or  multiple)  and  directly  transmitted  solar  irradiances  The  recent  values  of  VanHoosier  et.al.14  have  been 
adopted  in  the  UV  (0J  to  0.35/rm)  with  a  resolution  compatible  with  LOWTRAN  (20cm'1).  These  data  were  obtained 
from  the  Shuttle  platform  (the  Solar  Ultraviolet  Spectral  Irradiance  Monitor  (SUSIM)  on  Spacelab  2)  at  0.15nm  resolution 
and  subsequently  converted  to  frequency  for  smoothing,  The  data,  as  stored  In  LOWTRAN  7,  actually  start  at  0.174/4m, 
recognizing  that  the  code  may  well  be  extended  further  into  the  UV  at  some  future  time.  In  the  near  UV  to  visible  range 
(0.35  to  0.86/un),  the  data  of  Necke)  &  Labs23  have  been  adopted.  Because  these  data  have  a  resolution  of  l-2nm,  they 
underrepresent  the  actual  variability  in  the  solar  Fraunhofer  structure  at  the  stated  20cm'1  resolution.  Estimated  accuracy 
of  the  composite  LOWTRAN  compilation  is  5-10%  for  the  SUSIM  spectral  range  (including  feature  replication  at  20cm  ‘ 
resolution)  and  5%  for  the  near  UV  and  visible  range  when  degraded  to  100c nr1  resolution.  [NOTE;  Because  of  general 
calibration  difficulties  in  the  UV,  measured  solai  irradiances  differ  by  as  much  as  10%  in  absolute  magnitude*,  while 
relative  spectral  detail  is  reproducible  to  much  higher  accuracy.] 


4.  MULTIPLE  SCATTERING: 

An  efficient  and  reasonably  accurate  multiple  scattering  parametrization27-2*  has  been  implemented  in  the 
I/OWTRAN  7  model  based  on  the  two  stream  approximation  and  an  adding  method  for  combining  atmospheric  layers. 
LOWTRAN  induces  both  solar  and  thermal  sources  for  its  general  scattering  algorithm;  only  the  solar  portion  will  be 
discussed  here.  In  general,  the  multiple  scattering  algorithm  uses  the  single  scattered  solar  solution  as  the  primary  stream. 
However,  because  it  scales  the  vertical  path  opacity  using  the  secant  approximation  for  a  plane  parallel  atmosphere,  the 
algorithm  loses  accuracy  for  sun  angles  much  larger  than  80°.  While  this  scaling  is  efficient,  it  should  ultimately  prove 
unnecessary  because  the  "true"  line-of-sight  geometry  calculations  for  a  spherically  refractive  atmosphere  are  available  in 
LOWTRAN  7  and  are  used  correctly  for  the  single-scattered  solution.  A  more  accurate,  multi-stream  solar  scattering 
approximation  i  now  being  developed. 

briefly,  (after  Knelzys,  et.al.2)  the  single  scattering  algorithm  requires  the  scattering  angle  and  the  equivalent 
absorber  amounts  for  the  primary  solar  patlis  from  each  scattering  point  along  the  liue-of-sight.  This  calculation  involves 
tracking  two  optical  paths  for  each  scattering  point.  One  path  leg  extends  from  the  observer  to  the  scattering  point,  and  the 
other  from  the  scattering  point  toward  the  sun  (or  moon),  ending  at  the  lop  of  the  atmosphere.  Each  path  is,  in  general, 
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bent  by  refraction  but  eacb  remains  in  a  fixed  vertical  plane  containing  the  path  endpoints  and  the  center  of  the  earth.  The 
intersection  erf  the  two  planes  at  each  scattering  point  defines  the  scattering  angle.  There  are,  of  course,  an  infinite  number 
of  scattering  points  along  the  path;  LOWTRAN  specifically  uses  only  the  intersections  of  the  line-of-sight  with  the  model 
atmospheric  layer  boundaries.  Therefore,  care  must  be  taken  in  selection  of  atmospheric  layering,  particularly  for  limb- 
viewing  configurations.  If  the  individual  layers  ere  too  optically  thick,  the  algorithm  cannot  properly  calculate  the  scattered 
contribution.  [NOTE:  a  layer  thickness  of  no  more  than  1/2  the  atmospheric  or  ozone  scale  height  (2-3knt)  at  the  tangent 
height  is  recommended.] 

The  multiple  scattering  algorithm  must  determine  the  layer  fluxes  across  each  boundary,  along  with  the 
composite  transmissivity  and  reflectivity.  The  multiply  scattered  flux  at  a  given  layer  will,  in  part,  be  determined  by 
radiation  from  all  atmospheric  layers,  even  those  above  or  below  the  stated  line-of-sight,  necessitating  contributions  from 
the  surface  to  space  and  back  again.  It  is  at  this  juncture  that  the  vertical  path  scaling  and  the  plane  parallel  atmosphere 
have  been  adopted.  Resultant  erre.  from  this  approximation  can  be  greater  than  30%  for  large  zenith  angles,  with  the 
solution  ill-defined  for  sun  angles,  below  the  horizon.  However,  for  higher  sun  angles  (<75°),  the  LOWTRAN  7  radiance  is 
well  within  20%  of  that  calculated  with  more  exact  multiple  scattering  codes. 


5.  COMPARISONS: 

Comparisons  of  the  final  LOWTRAN  7  ultraviolet  simulation  capability  to  actual  measurements  show  it  to  be 
generally  adequate  for  calculations  of  UV  transmittance  and  direct  sola:  observations.  Figure  6  provides  data  from  two 
different  sources,  a  "top  of  the  atmosphere"  solar  irradiance  spectrum  measured  from  a  rocket  platform29  and  a  larger 
portion  of  the  AFGL  balloon-borne  irradiance  data,  again  at  40km13.  The  LOWTRAN  7  simulations  for  both  cases  show 
very  good  agreement.  Where  differences  arise,  as  in  the  absolute  magnitude  of  the  solar  irradiances  (attributed  to 
calibration)  or  in  the  ozone  depletion  at  40km  (the  simulation  used  a  US  Standard  profile),  they  appear  to  be  related  to 
physical  rather  than  modeling  problems. 

A  second  set  of  comparisons  (Figure  7)  have  been  mr.de  with  data  from  a  dual  spectrometer  flown  on  a  nadir 
sensing,  sun-synchronous  satellite10.  The  LOWTRAN  7  simulations  include  multiple  scattering  and,  again,  are  in  excellent 
agreement  with  the  data  for  medium  to  high  solar  zenith  angles.  The  small  scale  spectral  differences  arise  almost  entirely 
from  resolution  differences  and  instrumental  scattered  light  contamination.  However,  for  larger  zenith  angles,  two  sources 
of  divergence  between  measurement  and  LOWTRAN  7  arise:  (a)  the  multiple  scattering  two-stream  approximation  breaks 
down  and  (b)  large  airglow  features  (primarily  NO  bands)  appear  against  the  weakened  solar  background.  The  multiple 
scattering  corrections  will  be  addressed  in  the  near  future  (see  previous  discussion).  However,  successful  modeling  of  the 
airglow  phenomena  will  require  major  coding  evolution. 


6.  CONCLUSIONS: 

As  an  adjunct  to  the  preparation  of  LOWTRAN  7  and  FASCOD3,  a  set  of  UV  spectroscopic  data  has  been 
compiled.  In  addition  to  a  new  composite  solar  spectrum,  the  data  set  includes  an  analytic  function  which  describes  the  O, 
Herzberg  continuum  absorption  (0.19-0.244/zm)  with  an  extension  of  that  function  to  approximate  the  Herzberg  bands.  The 
analytic  expression  for  the  continuum  allows  for  an  atmospheric  (02  and  N})  pressure  dependent  term,  providing  a 
combined  estimated  accuracy  of  10-13%.  In  addition  to  calculating  a  preliminary  line  atlas  for  the  O,  Schumann-Runge 
bands,  a  20cm1  band  model  developed  for  portions  of  that  system  has  been  Incorporated  into  LOWIKAN  7.  The  band 
model  is  adequate  (10-20%)  for  frequency  ranges  dominated  by  transitions  to  the  ground  level  (v“*0)  but  only 
approximates  the  behavior  of  the  weaker  temperature  dependent  v"»l  transitions  in  the  window  regions.  The  Hartley- 
Huggins  Oj  absorption  cross  section  has  been  collated  from  4  different  sets  of  measurements.  The  resultant  continuum 
formulation  Incorporates  a  quadratic  T-dependence  for  the  wavelength  range  from  0.19-0.36/rm  with  an  expected  accuracy 
of  3-5%  for  the  Hartley  system  and  3-10%  for  the  Huggins.  The  LOWTRAN  7  Transmittance/Radiance  Program 
incorporates  all  of  these  features  in  a  user-friendly  environment  for  UV  spectral  simulations;  total  end-to-end  accuracy  for 
simulations  not  involving  multiple  scattering  is  1<N  15%.  However,  for  lines  of  sight  which  may  be  dominated  by  multiple 
scattering  signatures,  the  errors  can  increase  dramatically.  Minor,  but  occasionally  Important  atmospheric  absorption 
signatures,  particularly  S02  and  N,0,  are  currently  missing  from  the  LOWTRAN  7  UV  formulation.  }.’i  nllariy,  airglow 
contributions,  as  might  appear  at  tvnllght,  are  not  now  available  within  the  LOWTRAN  algorithm. 
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Solar  Energy  Deposition 
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Figure  li  The  Approximate  altitude  at  which  l/e,h  of  the  solar  irradiance  is  deposited;  after  Watanabe4.  In  the  ultraviolet 
wavelength  spectral  range,  LOWTRAN  7  includes  the  effects  of  the  ozone  Hartley  and  Huggins  bands  plus  portions  of  the 
molecular  oxygen  Schumann-Rungc  and  Hcrzberg  systems.  Sec  text  for  additional  discussion, 


ip  l 
>u 

B 

e 

4 

e 


Herzberg  Continuum 


x  10 


n*',ii»»  “j  ci'tiMylir  fw'n  lioM 
II  ltar<ib*i‘t|  (i-usa  itrliUM  x  KM  <Vuitimu>#>  ill  ) 

■i  No"a  00-Uf  d4,i.  <Vo«l«n*o,  •  ♦  ul  ) 

a  No*  •  Nf  Of  pi>aa«ui>a  ilep  <SI>u>'<fiH«UiHi) 


,  n  «  H  **  a 


U, 


X 


BIO 

Hove  I  •noth 


‘‘f  n: 

t> 

1  II- 

il 

X  ii 


R  ’ 

U 

A 


S-R  Bands,  0-0  to  6*0  and  2-1  to  9-1 


f[  • 

o  ,11  ,/i  //I 

,-i  ,i  /  a  ^  A*/  j 

A  A  r 


I  l  l  I  .  I  l  l 

4UU0U  4UUUQ  bUQOU  L,  1 000  UgQOQ  U'JUOO  IHOOfl 
Uuv«  numU#i'  -  cm- 1 


Fl|un  2i  The  form  of  the  analytic  function  used  to 
express  the  Herzberg  Continuum  within  LOWTRAN  7, 
plus  the  supporting  measurements  for  that  continuum 
and  its  normalized  pressure-dependent  terms;  see  text. 


Figure  3i  Calculated  line  poalt’  ■  >5  and  strengths  for  a 
portion  of  the  Schumann  <u  ?e  Band  System. 
LOWTRAN  7  directly  accest  y  those  bands  with 
frequencies  less  than  50,000  r‘,  though  coding  for 
die  entire  depicted  range  is  en  edded. 
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S-R  Band  Model  Simulation! 
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Figure  4i  A  comparison  of  the  LOWTKAN  7  Schumann-Runge  Band  Model  algorithm  and  an  actual  balloon-borne 
measurement  of  in  situ  solar  irradiance.  The  balloon  altitude  was  approximately  40  km  with  the  sun  at  24°  zenith  angle. 
The  model  easily  reproduces  the  4-0, 3-0, 2-0  and  1-0  band  heads. 


Oxone  Absorption  Properties  in  the  UV 
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Figure  5i  The  ozone  absorption  cross  sections  as  available  in  LOWTRAN  7.  Structure  at  the  center  of  the  Hartley  system 
does  not  appear  in  this  logarithmic  representation  but  is  provided  in  the  code.  See  the  text  for  Nource  references. 
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Compiriioai:  Direct  Observations  of  Solar  Irradlaace 
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Figure  Comparisons  of  measured  Incident  and  in  litu  tolar  irradlances  (tee  text)  with  LOWTRAN  7  limulatiom.  The 
LOWTRAN  7  value*  for  I0  are  bated  on  Spacelab  2  meaiurementt14.  While  the  geometric  condition*  (40km  altitude  and 
24*  tolar  zenith  angle)  for  die  balloon  simulation  have  been  incorporated  into  the  calculation,  the  requisite  temperature 
and  ozone  profiles  are  those  of  the  U.S.  Standard  Atmosphere  rather  than  the  actual  flight. 
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Flgmre  7s  Comparisons  of  backs  cattered  UV  radiance  as  observed  from  space  (nadir  view)*  with  corresponding 
LOWTRAN  7  simulations.  As  the  solar  zenith  angle  varies  from  24°  to  95°,  the  measured  and  predicted  radiances  decrease 
by  two  orders  of  magnitude.  The  small  scale  spectral  features  arc  mostly  solar  Fraunhofer  lines;  however,  at  low  sun  angles, 
large  airglow  emission  signatures  can  be  readily  identified.  Again,  the  calculations  were  based  on  U.S.  Standard 
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SUMMARY 

Recent  developments  in  propagation  modelling  based  on  the  Parabolic  Equation  Method  allow  the 
forecasting  of  two-dimensional  antenna  coverage  diagrams  at  millimetre  wavelengths,  in  a  dispersive 
atmosphere  with  arbitrary  two-dimensional  variation  of  the  refractive  index.  The  model  has  been 
applied  successfully  to  mm- wave  propagation  in  the  evaporation  duct,  The  evaporation  duct  height 
is  not  sufficient  to  characterize  mm-wave  propagation,  and  information  on  the  water  vapour  content 
is  essential  for  the  correct  modelling  of  atmospheric  absorption.  Turbulence  simulations  have  been 
carried  out,  showing  marked  scintillation  effects  in  the  evaporation  duct.  The  method  can  bo  applied 
to  arbitrary  refractivity  spectra,  and  gives  a  complete  numerical  description  of  the  field  statistics. 

1.  INTRODUCTION 

Increasingly  sophisticated  radar  systems  at  millimetre  wavelengths  require  a  good  understanding 
of  the  propagation  medium,  especially  over  the  sea  where  several  complex  processes  are  involved.  For 
microwaves,  propagation  over  the  sea  is  dominated  by  the  evaporation  duct  which  results  from  the 
steep  humidity  gradient  in  the  boundary  layer.  For  mm-wuven,  ducting  effects  arc  countorbaljinced  by 
atmospheric  absorption,  and  the  water-vapour  content  ploys  an  important  role.  A  model  based  on  the 
Parabolic  Equation  Method  has  boen  implemented,  with  the  aim  of  providing  a  tool  for  assessment  of 
mm-wave  systems  performance  in  the  evaporation  duct.  A  full  calculation  of  the  frequency  dependent 
refractive  index  is  curried  out,  and  specular  reflection  from  the  rough  sea  surface  is  modelled.  The 
main  features  of  the  model  are  presented  in  section  2,  with  examples  of  output  for  35  GHz  and  95  GHz 
antennas. 

Atmospheric  turbulence  in  the  boundary  layer  is  rather  stronger  than  in  the  free  atmosphere, 
causing  important  scintillation  effects.  Because  of  the  complex  refraction  effects  in  the  evaporation 
duct,  if  is  not  dear  whether  the  usual  models  for  estimating  amplitude  fluctuations  of  the  signal  are 
valid,  and  numerical  simulations  may  be  the  only  way  of  gaining  some  insight  into  the  statistical 
characteristics  of  the  held.  The  Parabolic  Equation  Method  is  particularly  well  adapted  to  the  study 
of  electromagnetic  wave  propagation  in  a  turbulent  medium.  This  is  the  object  of  section  3,  whore 
the  principles  of  turbulence  simulations  are  outlined.  The  main  problem  is  to  obtain  a  good  statistical 
description  of  the  medium.  Turbulence  in  the  air-sea  boundary  layer  is  fairly  well  understood,  and 
examples  based  on  the  accepted  model  for  the  spectrum  of  refractivity  fluctuations  in  the  evaporation 
duct  ore  presented. 

2.  PARABOLIC  EQUATION  METHOD  FOR  MM-WAVES 

The  parabolic  equation  approximation  to  the  Helmholtz  wave  equation  has  been  used  extensively 
for  predicting  radiowave  propagation  in  the  troposphere,  because  it  can  cope  with  essentially  arbitrary 
two-dimensional  refractivity  structures,  and  is  numerically  tractable  [3,5].  If  a  scalar  field  component 
$(x,z)  is  written  as 

«,<*■ 

<h(x,z)~u(x)z)-yx  , 

where  k  is  the  free  space  wave  number,  then  u  satisfies  the  parabolic  equation, 


(1) 


S  +  2ik%:  +  *’ (m*  “  *) u  =  0  ’  (2) 

provided  that  the  refractive  index  variations  are  small  on  the  ccale  of  a  wavelength  and  that  log  5r  is 
a  slowly  varying  function  of  range  over  a  wavelength.  These  assumptions  hold  for  millimetre  waves  if 
the  backscattered  field  is  neglected.  As  usual,  m(z,  z)  denotes  the  modified  refractive  index  m(x,  z)  = 
r»(x,  z)  +  z/a,  where  a  is  the  Earth’s  radius.  The  Earth  flattening  approximation  gives  accurate  results 
for  angles  of  propagation  of  less  than  about  20°  from  the  horizontal.  This  is  not  a  restriction  for  the 
very  low  altitudes  of  interest  here. 

The  solution  of  equation  2  can  be  marched  forward  in  range,  by  using  either  a  split-step  Fourier 
transform  method  or  a  finite  difference  scheme.  The  results  of  this  paper  have  been  obtained  with  a 
split-step  implementation  on  an  1BM-PC  compatible  computer  with  a  transputer  card  (the  hardware 
has  been  described  in  [4]).  It  takes  about  3  minutes  to  generate  a  coverage  diagram  for  a  typical  case 
of  nun-wave  propagation  in  the  evaporation  duct,  for  a  frame  of  20  m  by  20  km.  Since  the  troposphere 
is  dispersive  and  absorptive  at  millimetre  wavelengths,  the  program  needs  temperature  and  humidity 
data  to  work  out  the  complex  refractivity  structure  at  each  frequency.  The  model  is  robust  enough 
cope  with  measured  data  [8],  but  in  this  paper,  a  simple  log-linear  model  for  meteorological  profiles 
the  boundary  layer  has  been  used,  corresponding  to  Battaglia’s  model  for  near-neutral  conditions  [1]. 
In  particular,  the  duct  height  d  (m)  is  given  by 

d  =»  .96(21,  -  T,)  -  3.4(e„  -  e.)  ,  (3) 

where  Ta  (°K)  is  the  air  temperature  measured  at  10  m  above  mean  sea  level,  T,  (°K)  is  the  sea  surface 
temperature,  e„  (mb)  is  the  water  vapour  pressure  at  10  m  and  c,  (mb)  is  the  water  vapour  pressure 
at  sea  level.  The  non-dispersive  modified  refractivity  is  of  the  form 

M(z)  -  M(0)  =  a  (z-d log  ,  (4) 

where  zo  is  the  momentum  roughness  length,  here  taken  to  be  1.5  X  10"*  m,  and  a  is  a  coefficient  de¬ 
pending  on  surface  conditions.  For  standard  conditions,  a  m  .120  M-units/m.  A  line  by  line  calculation 
of  refractive  dispersion  and  absorption  is  carried  out  using  Liebe’s  model  [9],  and  these  aro  added  to 
the  non-dispersive  modified  refractivity  to  obtain  the  complex  modified  refractivity  profile.  The  model 
is  valid  for  frequencies  up  to  300  GHz.  The  examples  given  here  assume  horizontal  homogeneity  of  the 
refractivity  structure,  but  variation  with  range  could  be  considered  without  added  complexity. 

Boundary  conditions  at  the  sea  surface  are  modelled  with  an  approximate  image  theory.  The 
angular  spectrum  of  the  source  field  is  added  to  that  of  the  image  field,  modified  by  a  Fresnel  reflection 
coefficient  which  is  a  function  of  the  angle  of  incidence.  This  corresponds  to  a  decomposition  of  the 
field  into  its  plane  wave  components,  with  the  appropriate  Fresnel  reflection  formula  applied  to  each 
component.  The  advantage  of  this  method  is  that  surface  roughness  is  easily  incorporated  in  the 
model  by  multiplying  the  Ifresnel  coefficient  for  each  angle  of  incidence  by  the  corresponding  roughness 
reduction  factor.  Simple  fits  to  the  curves  in  CCIR  recommendation  527-1  [2]  give  the  conductivity  and 
permittivity  of  the  sea  as  functions  of  frequency.  The  surface  roughness  reduction  factor,  which  depends 
on  frequency,  rms  wave  height  and  incidence  angle,  is  given  in  [12].  This  method  only  models  specular 
reflection.  The  noise  introduced  by  diffuse  reflection  could  be  modelled  by  statistical  simulations  with 
a  finite-difference  implementation  using  a  realistic  description  of  the  sea  surface. 

Figure  1  and  2  show  basic  transmission  loss  contours  for  a  35  GHz  antenna,  for  the  0  m  duct  and 
20  m  evaporation  duct  A  respectively,  for  a  smooth  sea.  The  parameters  for  the  different  evaporation 
ducts  used  in  the  paper  are  shown  in  Table  1. 

Figure  3  shows  attenuation  in  dB/km  os  a  function  of  height,  at  95  GHz,  for  three  of  the  evaporation 
ducts  described  above.  When  there  is  no  duct,  humidity  is  constant  and  so  is  attenuation.  In  the 
presence  of  a  duct,  attenuation  decreases  very  rapidly  immediately  above  the  surface  and  then  more 
slowly,  by  about  .1  dB/km  between  2  m  aud  20  m.  Note  the  higher  attenuation  for  20  m  duct  B,  which 
is  due  to  the  higher  temperature  and  hence  higher  water  vapour  content.  Figures  4,  6  and  6  show  basic 
transmission  loss  contours  for  a  95  GHz  antenna  for  the  0  m  duct  and  the  two  20  m  ducts,  for  a  smooth 
sea.  The  stronger  attenuation  for  the  second  20  in  duct  has  obvious  consequences  on  the  contours. 


Table  1:  Evaporation  duct  examples 


The  main  point  here  is  that  the  duct  height  is  not  sufficient  to  characterize  propagation  at  millimetre 
wavelengths. 

3.  MODELLING  TURBULENCE 

There  are  two  approaches  in  modelling  turbulence  effects  on  electromagnetic  wave  propagation. 
The  first  one  formulates  an  approximate  equation  satisfied  by  the  successive  moments  of  the  phase  and 
amplitude  of  the  field.  This  approach  has  been  used  extensively  in  the  literature,  (see  [7],  chapters  17 
and  20  for  an  excellent  survey).  For  simple  line-of-sight  cases,  the  variance  o3  (dB)  of  the  log-power  of 
the  received  signal  is  approximately 

a\  =  42.25 k1'6  j  C3(r)r5/9dr  ,  (5) 

where  k  is  the  wavenumber,  and  Cl  (in-3/3)  is  the  refractive  index  structure  constant  [13].  However 
this  equation  assumes  weak  fluctuations  in  the  medium,  and  no  coherent  multipath,  and  its  validity 
for  mm-wavc  propagation  in  the  evaporation  duct  is  not  clear.  With  less  restrictive  assumptions,  the 
equation  satisfied  bv  the  fourth  moment  of  intensity  fluctuations  becomes  extremely  difficult  to  solve 
numerically,  although  some  progress  has  been  made  in  recent  years  [10]. 

The  second  approach  consists  iu  running  numerical  simulations  on  a  computer.  This  approach  has 
become  very  popular  for  turbulence  studies  in  fluid  dynamics,  because  it  permits  the  visualization  of 
features  of  turbulence  which  were  not  previously  modelled.  It  has  been  used  for  statistical  purposes  in 
[11].  For  propagation  studies,  the  turbulent  medium  is  represented  as  a  sequence  of  thin  phase-screens. 
This  lends  itself  very  well  to  the  parabolic  equation  method:  at  each  step,  the  deterministic  refractive 
index  is  simply  modified  by  the  addition  of  a  random  term  W.  The  main  problem  is  the  generation  of 
succ  sive  realizations  of  this  random  process  that  will  represent  accurately  the  physical  atmospheric 
turbulence. 

Since  many  simulations  are  needed  to  obtain  meaningful  statistics,  it  is  impractical  to  use  full 
simulations  of  atmospheric  turbulence  to  produce  a  grid  of  refractive  Index  values,  and  some  sort  of 
spectral  representation  must  be  sought.  If  the  process  is  homogeneous,  it  can  be  represented  as  the 
convolution  of  its  correlation  function  with  white  noise,  For  a  process  that  is  only  locally  homogeneous, 
the  correlation  function  does  not  exist  and  has  to  be  replaced  with  the  structure  function.  Unfortunately, 
the  turbulent  refractive  index  is  not  even  locally  homogeneous,  since  the  intensity  of  the  turbulence 
varies  with  height  and  range.  To  handle  this,  we  make  the  simplifying  assumption  that  V(x,  z)  = 
W{x,z)/Cn{x,z)  is  isotropic  and  locally  homogeneous  (we  assume  that  W  does  not  depend  on  time). 
If  the  range  step  size  used  for  the  numerical  solution  of  the  parabolic  equation  is  greater  than  the 
correlation  length  of  the  medium,  the  realizations  of  V{xtz)  can  be  generated  independently  at  each 
range.  A  horizontal  step  size  of  100  m  probably  satisfies  this  requirement  for  independence,  and  is 
small  enough  to  obtain  accurate  solutions  for  mm- wave  propagation  in  the  evaporation  duct. 

The  problem  is  now  reduced  to  that  of  generating  a  realization  of  a  random  process  V{z)  with  a 
known  power  spectrum  4  at  points  0,  A*,2A*, . . .  ,(N  -  l)Az,  This  is  done  in  the  spectral  domain 
by  filtering  the  sample  spectrum  of  discrete  white  noise  by  \A$.  An  inverse  Fourier  transform  gives  V, 
and  W  is  obtained  by  multiplying  V  by  the  refractive  index  structure  constant  Cn. 

Here,  we  have  assumed  a  Kolmogorov  spectrum  for  V.  The  one  dimensional  spectrum  is  then 


(6) 


The  profile  of  C2  (m~2/3)  for  an  evaporation  duct  of  height  d  in  neutral  conditions  is  given  by  [6] 

C't(z)  =  a2Jf4/,(0.120d)22-2/3 ,  (7) 

where  a2  «  2.8  and  K  «  0,4  is  Von  Kannan’s  constant.  Hence  the  strength  of  the  turbulence  is 
proportional  to  the  height  of  the  evaporation  duct.  Figure  7  shows  the  profile  of  C2  for  a  20  m  duct. 

Figures  8  shows  an  example  of  basic  transmission  loss  contours  for  a  95  GHz  antenna  in  the 
turbulence  associated  with  20  m  duct  A,  for  a  smooth  sea.  It  is  easy  to  see  how  scintillation  effects 
occur,  since  the  amplitude  along  a  lobe  now  presents  peaks  and  troughs  which  will  vary  in  time  and 
space. 

Figures  9  and  10  show  the  standard  deviation  crx  (dB)  of  the  log-power  as  a  function  of  range,  at 
three  different  heights,  for  the  10  m  duct  and  the  30  m  duct  respectively,  calculated  from  100  simulations. 
The  rms  wave  height  is  0.25  m,  corresponding  to  a  wind  speed  of  7  m/s.  Similar  simulations  were  carried 
out  with  a  rougher  sea,  showing  that  the  lobing  effects  are  in  fact  due  to  interference  with  the  reflected 
signal,  which  weaken  when  coherent  reflection  becomes  less  important.  However  after  discarding  these 
effects,  the  remaining  trend  seems  independent  of  surface  roughness,  and  the  strength  of  the  turbulence 
is  not  affected.  As  expected,  the  scintillation  effects  are  much  stronger  for  the  higher  duct,  leading  to 
serious  degradation  of  the  signal-to-noise  ratio. 

4.  CONCLUSIONS 

The  behaviour  of  millimetre  waves  in  the  evaporation  duct  can  be  predicted  with  a  model  based 
on  the  parabolic  equation  method,  taking  into  account  atmospheric  absorption  and  dispersion,  as  well 
as  surface  roughness  effects  on  specular  reflection.  The  model  is  implemented  on  a  desk-top  computer 
with  a  transputer  card.  It  allows  the  forecasting  of  antenna  coverage  diagrams  for  frequencies  up  to 
300  GHz,  for  arbitrary  two-dimensional  refractivity  structures.  It  takes  about  3  minutes  to  generate  a 
prediction  for  a  typical  frame  of  20  m  by  20  km.  The  model  has  been  applied  successfully  to  mm-wave 
propagation  in  the  evaporation  duct  in  near-neutral  conditions.  It  is  clear  that  duct  height  is  not  a 
sufficient  parameter  to  characterize  mm-wave  propagation,  because  information  on  the  water-vapour 
content  is  essential  for  the  absorption  calculations. 

The  effects  of  atmospheric  turbulence  on  propagation  can  be  studied  by  running  numerical,  simu¬ 
lations  with  a  randomly  varying  refractive  index.  The  method  can  be  applied  to  arbitrary  refractivity 
spectra,  and  gives  a  complete  description  of  the  field  statistics.  Some  examples  based  on  boundary 
layer  theory  show  marked  scintillation  effects  in  the  evaporation  duct.  Although  the  lobing  pattern  has 
a  influence  on  the  fluctuations  of  the  log-amplitude  of  the  received  signal,  their  intensity  is  essentially 
independent  of  surface  roughness. 
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Figure  3.  Atmospheric  absorption  at  95  GHz. 


Figure  4.  Basic  transmission  loss  (dB)  for  a  95  GHz  antenna  in  a  0  m  evaporation  duct. 


Figure  5.  Basic  transmission  loss  (dB)  for  a  95  GHz  antenna  in  20  m  evaporation  duct  A 
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Figui'i!  9.  Standard  deviation  of  the  log-amplitude  fluctuations  for  a  9G  GHz  antouuu  in  a  10  m  duct. 


Figure  10.  Standard  deviation  of  the  log-amplitude  fluctuations  for  a  9&  GHz  antenna  in  a  30  m  duct. 
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SUMMARY 

Results  of  Ildar  measurements  are  reported,  particularly  the  layering  of  tropo¬ 
spheric  haze  and  extinct ion/baoksoattar  by  olrrua  clouds  at  visible  wavelengths.  This 
work  includes  the  operation  of  a  fixed  lidar  at  College  Park,  and  a  transportable  Ildar 
for  geographio  locations  of  Interest  to  DoD.  A  sensitivity  baseline  for  those  Ildars 
has  been  established  using  Rayleigh  baokooatter  rrom  the  high  altitude  molecular  atmo¬ 
sphere.  Profiles  of  temperature  and  density  cover  the  altitude  range  30-00  km.  For 
cirrus  clouds,  measured  relationships  between  extinotlon  and  baoksortter  make  it  pos¬ 
sible  to  estimate  the  long-range  horizontal  visibility  through  cirrus  layers  via  cali¬ 
brated  backscattcr  observations.  Inversion  of  tropospheric  haze  measurements  to  ver¬ 
tical  profiles  of  extinotlon  is  reported.  Applicability  of  lidar  probe  methods  to 
energy  and  information  transfer  through  the  atmosphere  is  summarized.  Upper  atmosphere 
observations  are  diaousaed,  relevant  to  the  prediction  of  atmoopherio  effeots  on  re¬ 
entry  vehloles. 


1 .  INTRODUCTION 

This  presentation  discusses  the  goals,  methods  and  results  or  atmospherio  lidar 
measurements  at  the  University  of  Maryland,  apeolfloally  our  researoh  that  uses  untuned 
NdiYAO  lasers  to  observe  Ml.e  scattering  by  particulates  and  Rayleigh  scattering  by  the 
moleoular  atmosphere. 

The  relevance  of  lidar  for  this  Symposium  lies  in  the  unique  capabilities  for  re¬ 
mote  probing  of  the  atmosphere  afforded  by  pulaed  lasers.  Using  the  radar  principle  of 
converting  tlme-of-return  into  distance  along  the  laser  beam  direction,  ooupled  with  the 
narrownese  of  the  beam  itself,  one  can  carry  out  remote  mapping  of  large  portions  of  the 
atmosphere  with  a  time  resolution  limited  only  by  the  pulse  repetition  frequenoy  of  the 
laser  (typlaally  10-1000  Hz).  As  a  support  for  studies  of  electromagnetic  propagation, 
lidar  is  attractive  because  the  propagation  phenomena  of  interest  (s.g.,  light  scatter¬ 
ing  and  extinotlon)  are  direotly  addressed  by  lidar  measurements.  Other  Important  para¬ 
meters  of  the  environment,  auoh  as  temperature  and  humidity,  oan  also  be  measured  re¬ 
motely  by  means  of  lidar,  Excellent  references  on  lidar  are  the  book  by  Measures'  and 
the  Maroh  1989  special  issue  of  Proceedings  of  the  IEEE.  >3  Table  1  outlines  the  parts 
of  the  Maryland  program  to  be  dlsoussed  here. 


TABLE  1 .  UNIVERSITY  OF  MARYLAND  LIDAR  PROGRAM  (SDIO/ONR) 


Middle  atmosphere  measurements  (ground-based) , 
from  various  geographical  locations 

Tropospheric  measurements 

Fixed  lidar  site  at  College  Park  (operational) 

Transportable  lidar  (testing),  for  observations  from 
desert,  mountain,  Arotlo,  and  ooeanlc  sites 


Currant  observations  at  College  Park 

-  Tropospherlo  haze  layers'!  u. 

-  Cirrus  cloud.  (10-13  km))  Mie  altering 

-  Clear  air  Rayleigh  aoatbering  (to  83  km) 

-  Temperature  end  density  profiles 

(stratosphere,  mesosphere) 


2.  APPLICATIONS 

Table  2  lndioates  capabilities  in  our  Atmospherio  Lidar  Observatory  (ALO)  for 
making  useful  measurements  in  support  of  DoD  programs,  apeolfloally  infrared  search  and 
track  (IR3T),  high  energy  laser  weapon  systems  (HELWS),  reentry  of  high  speed  vehloles 
(HSV),  and  cloud  free  llne-of -sight  (CFLOS).  The  third  heading  on  density  structure  in 
the  upper  atmosphere  is  also  of  interest  to  NASA  for  Shuttle  rs-entry  and  the  National 
Aerospace  Plana. “ • 5  the  fourth  main  heading  mentions  our  interest  in  setting  up  lidar 
operations  it  sites  other  than  College  Park. 


n 

Rcaearoh  supported  by  the  University  of  Maryland,  and  by  SDXO  and  ONH  through 
contract  number  N0001 A-05-K-O582 , 
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TABLE  2.  ALO  CAPABILITIES  RELEVANT  TO  DoD  PROGRAMS 
(IH3T,  HELMS,  HSV  RE- ENTRY,  CFLOS) 


•  CIRRUS  (thin,  vary  thin,  "aubvialble") 

-  Optloal  extinction  data  vital  Cor  validation  of 

long  range  aensor  capabilities  (viaible,  IR) 

•  AEROSOL 

-  Optloal  background  (IR) 

-  Visibility  layering 

-  Mass  loading  of  atmosphere:  implications  for 

ablation  of  high  speed  vohioles 

-  Impact  of  unlforra/non-unlform  layering  on 

nonlinear  (high  power)  optloal  propagation 

•  PROFILES  OF  UPPER  ATMOSPHERE  DENSITY 

-  Influenoe  of  large  gas  density  fluctuations  on 

HSV  flight 

-  Climatology  of  density  perturbatlona 

for  avoidanoe  of  effects 

•  INTEREST  IN  OTHER  LIDAR  SITES 

-  Clear  weather 

-  High  altitude 

-  Airborne  platforms 


3.  EQUIPMENT 

Table  3  desorlbes  the  equipment  used  in  the  work  reported  here.  The  fixed  system 
in  the  ALO  at  College  Park  currently  looks  only  at  tha  menlth,  and  oould  be  tilted  to 
approximately  «5°  elevation  in  any  dlreotlon.  The  transportable  system  also  looks 
vertically,  and  will  soon  hava  the  capability  of  viewing  at  all  elevation  angles  In  a 
plane. 

TABLE  3. 


lAHKIi  SOURCES  FREQUENCY  DOUBLED  Nd:YAG  LASERS 


* 

WAVELENGTH 

582  nm 

* 

ENERGY 

400  mJ 

♦ 

BEAM  DIVERGENCE 

0.0  m  rad 

* 

PULSE  WIDTH 

10-15  n> 

* 

REPETITION  RATE 

10  H* 

lamamta 

4 

CASSEGRAIN  TELESCOPE 

00  cm  dliim.  (FIXED) 

4 

NEWTONIAN  TELESCOPE 

44  nm  dlam.  (TRANSPORTABLE: 

DETECTOR  AND  DATA  ACQUISITION 

SYSTEM 

* 

* 

* 

* 

* 

+ 

* 


SINGLE  CHANNEL  DETECTORS  FOR  ROUTINE  UACKSGA1TEH 
MEASUREMENTS 


DUAL  CHANNEL  DETECTOR  SYSTEM  USING  WOLLASTON  PRISM 
FOR  DEPOLARIZATION  MEASUREMENTS 


TKANHIAC  Wig  DIGITIZERS 

LASER  INTERFACE  DATA  ACQUISITION  SYSTEMS 

ia  MHa,  80280  COMPUTERS  &  DATA  STORAGE 


8YBTEM  F0R  MIDDLE  ATMOSPHERE 

Mfu  AtJ  U 1U5MENTS 

KOK  UATA  STORAGE  and 
MULTI-LEVEL  ANALYSIS 
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A.  TROPOSPHERIC  HAZE  LAYERS 

TMs  aeotlon  desorlbes  the  visualization  of  haze  layers  In  the  troposphere  and  some 
results  on  optical  extinction  derived  from  baoksoatter  data.  Figure  1  shows  the  ob¬ 
served  Ildar  baokeoatter  Intensity  as  a  function  of  altitude  z  (vertloal)  and  time 
(horizontal).*  The  time  span  lo  about  50  minutes  In  the  early  morning  of  August  11, 
1988,  when  the  air  was  very  stable  and  polluted  for  sevoral  days.  The  haze  layers 
extend  upward  to  about  3*7  km  altitude. 


Figure  1.  Lldar  Image  of  haze  layers  over  Collage  Park,  MD, 

August  11,  1988.  Altitude  Is  vertioali  time 
runs  horizontally  and  lnoreases  to  the  right. 

Figure  2  shows  an  example  of  reduoing  the  baoksoatter  data  for  august  It,  1988  to 
optloal  extinction  vs  altitude,  using  the  Inversion  method  suggested  by  Kaestner.  The 
aoouraay  of  extinction  inferred  from  baoksoatter  depends  on  some  assumptions.  The 
results  given  In  Figure  2  show  that  optloal  extlnotlon  varies  dramatically  with  altitude 
In  suoh  layered  hazes.  Lldar  Inversions  for  olrrus  clouds  are  dlsoussed  In  the  next 
section.  For  the  Interested  reader  we  have  listed  many  of  the  ussrul  references  on 
lldar  Inversions. z>6-1 * 

Figure  3  demonstrates  a  situation  bearing  on  CFLOS  (Cloud  Free  Llne-of-Sight) .  The 
Intrusion  or  a  thin  layer  of  low  lying,  patohy  clouds  produaes  i  highly  variable  total 
extlnotlon  between  the  ground  and  any  altitude  above  about  800  meters.  At  times,  the 
layers  above  this  oloud  are  easily  looatedi  at  other  times  the  vertical  visibility  goes 
to  zero.  This  situation  suggests  sn  approach  to  high  energy  laser  applications  requir¬ 
ing  good  transmission  between  the  ground  and  apacei  namely  that  probe  Ildars  be  used  as 
aontrol  systems  to  locate  and  characterize  aerosol  layers  that  oan  affeot  non-linear 
beam  propagation  at  high  power,  and/or  identify  moments  of  good  and  bad  transmission  due 
to  variable  cloudiness.  Spatially  scanning  Ildars,  suoh  as  the  University  of  Wlnnonnin 
system,  oan  rapidly  map  the  overhead  sky  transmission  for  the  same  purpose. 


*Lldar  returns  are  oorreoted  for  the  1/z*  decrease  In  solid  angle  and  signal. 
Figures  1,  3,  *1,  and  5  are  black-and-white  renditions  of  a  false  color  scale  which  is 
not  possible  to  reproduce  here.  Reliable  date  start  at  about  I  km  altitude,  because  of 
the  setting  of  the  overlap  of  the  field  of  view  or  thn  telescope  and  the  laser 
transmitter. 
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1  10314001  CCF  G2'44:01— 0244:25 


Figure  2,  Optical  axtlnotlon  ooefflolent  (A  ■  532  nm)  aa  funatlon  of  altitude, 
uuluulated  by  Inverting  Ildar  baoksoattar  returno. 


Figure  3,  Troponphoria  haze  layers,  with  interference  by  low  lying  olouda 
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5.  CIRRUS  CLOUDS 

Figures  4  and  5  are  altituds-time  plots  of  the  baoksoatter  Intensity  from  cirrus 
olouds  on  August  16,  1908.  Figure  4  shows  the  entire  reoord  from  the  ground  to  15  km 
altitude,  lnoluding  layers  at  7  km  and  olrrue  at  11-12  km.  Figure  5  expands  the  alti¬ 
tude  soale,  so  as  to  display  greater  detail  In  the  cirrus  olouds. 

Figure  6  lndloetes  how  one  oan  use  the  numerical  data  froa  which  the  plotures  are 
derived  to  evaluate  the  extinction  by  the  olouds  and  the  spattering  from  the  olouds. 
Independent  of  one  another.  Extinction  at  any  given  time  la  given  by  the  decrease  of 
return  signal  froa  the  relatively  oonstant,  dear  air  regions  ( x i  )  above  the  tropo- 
pause.  Baokscattar  Intensity  Is  calibrated  by  assuming  Raylegh  scattering  from  alear 
air,  near  or  at  the  oloud  level  (e.g.,  zj )  .  Reaults  of  our  analysis  for  a  few  olrrus 
olouds  will  be  given  below. 

Also  one  oan  invert  the  cirrus  aloud  baokscattar  profile  alone  to  obtain  an  ex¬ 
tinction  profile  and  a  mean  extinction  for  the  oloud,  so  as  to  oomparu  reaults  with  the 
completely  empirical  method  Just  described.  The  essential  point  of  these  Ildar  observa¬ 
tions  and  analysts  la  to  detsot  olrrun  olouds  even  when  they  are  "thin"  or  "subvlslble" , 
and  to  estlmata  their  optloal  extinction  properties  from  baoksoatter  data. 

Figure  7  summarizes  the  results  of  many  of  our  olrrus  observations  to  Indicate  the 
approximate  range  they  fall  Into.  For  a  glvan  axtinotion,  tha  baoksoatter  ooeffioient 
Is  of  order  1/4  to  1/10  tha  value  that  would  apply  for  Rayleigh  soattarlng.  This  Is 
oonsistent  with  the  highly  forward  soattarlng  expeoted  for  Mle  soattarlng,  and  tha  con¬ 
sequent  reduatlon  of  Intensity  expeoted  In  tha  backward  direction. 

Data  from  a  particular  olrrus  aloud  pattern  for  about  one  hour  on  the  night  of 
August  1  6,  1988  are  shown  in  Figurs  8.  Tha  numbers  associated  with  sample  data  points 
ara  uxtlnotlon  optloal  depth,  t  -  <o«f>h,  of  the  olrrus  oloud  at  various  times  during 
the  observing  period.  That  thero  Is  a  systematic  relationship  between  extinction  and 
baoksoatter  Is  evident  even  at  small  optloal  depths. 

Figure  9  shows  similar  data  for  September  15,  1908|  Figure  10  Is  a  re-plot  using 
linear  scales  for  tha  variables.  A  non-linear  relationship  la  certainly  auggeated-- 
whlah  Is  not  to  swy  that  the  prooeasea  are  1  n tr lno 1 oal ly  so  related,  but  possibly  that 
at  least  one  important  property  of  the  cloud,  such  as  the  particle  size  distribution, 
may  be  varying  along  with  tho  total  axtinotion.  We  are  also  looking  Into  other  possi¬ 
bilities,  suoh  as  subtle  effeata  lsadlng  to  detaotor  saturation,  that  may  have  gone 
undetected  so  far,  Taking  these  data  at  faoe  value  for  the  present,  wu  are  carrying  out 
the  Inversions  mentioned  above.  Figure  11  shows  the  results  af  Inverting  the  baoksoatter 
profile  to  obtain  the  mean  axtinotion,  using  Kasstner's  Inversion  method  with  a  non¬ 
linear  relationship  derived  rrom  the  data  In  Figure  1 0 .  Good  agreement  between  Figs.  9 
and  11  Is  obtained.  Our  study  of  these  optical  properties  and  Inversion  methods  In 
continuing. 

We  are  elso  investigating  the  oharaoter 1 -<:a t Ion  of  olrrus  olouds  In  terms  of  their 
geometrla  properties  and  tha  dependence  of  optical  properties  on  tempera t urn . 


Figurs  4.  Altitude-time  picture  of  olrru  oloud  layer  (11-12  km) 
and  lower  lying  oloud  layers  (Y  km). 
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Figure  5.  Expanded  ploture  or  olrrus  shown  in  Figure  H. 


'IllIIU  *■ 


Optic* I  oKtlncthm  BacluwtlUr  nttaiurtd 

in«»aurwd  by  dacmiiM  by  compariion  or  Ildar 

In  Ildar  raturn  IVom  return*  fhim  aloud 

abova  clrnre  cloud*  and  elaar  air 


Figure  6.  Prlnalplea  of  obtaining 
Independent  date  on  extlnatlon  (left) 
and  scattering  (right),  using  olaar  air 
Ildar  return  Tor  ooaparlaon  or  aa  a 
standard. 


0.01  0,02  0.05  0.1 


- ^Aj/’trel.l  — *■ 


Figure  7.  Illustration  or  the  range  or 
extlnotl on/baokaoattar  relationships 
axpeuted  Tor  ideal  Rayleigh  and 
IsotropTo  eoattarlng,  and  observed 
for  various  oirrua  clouds. 


HACKNCA'niiR  COIilliCIHNT,  in’1  Nr 1 


Figure  8.  Empirical  relationship 
between  extinction  <oaf>  and  baok- 
soatter  <Bc:>  for  olrrua  oloud 
on  August  16,  1988,  using  method 
described  in  text  and  in  Figure  6. 


Figure  10.  Linear  representation  of 
extinction  data  from  Figure  9. 


EXTINCTiON  COEFFICIENT. 
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Figure  9.  Emplrloal  plot  of  <oef>  vs 
<r0>  for  olrrus  cloud,  September  15, 
1988. 


BACKSCAITER  COlil'I'ICIUNT,  ill'1  sr'1 


Figure  11.  Pradiotion  of  mean 
extinction  from  baoksoatter  profile 
alone,  using  non-linear  fit  to  results 
of  Figure  9  to  carry  out  inversion  of 
Ildar  baoksoatter  by  the  method  of 
Kaestner.6 
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Histograms  showing  distributions  of  oloud  bass  height  and  aloud  geometries  depth  are 
presented  In  Figs.  12  and  13  for  observations  made  on  the  nights  of  September  15  and 
August  16,  1988.  Cloud  base  heights  were  observad  on  September  15  In  the  range  8. 9-9. 7 
km;  on  August  16,  the  heights  were  In  the  range  10. *1-11.3  km.  Cloud  geometrio  depths 
measured  on  September  15  were  100  to  800  m,  while  on  August  16  they  were  100  m  to  1.3 
km. 


15  S»pt  88  21:53:26  -  22:37:43  15  S.pt  B8  21:53:26  -  22:37:43 


Figure  12.  Histograms  of  oloud  base  height  (left)  and  oloud  thiokness  (right)  for 
September  15,  1988  (College  Park,  MD). 


16  Aug  68  21:50:37  -  22:58:44  16  Aug  BB  21:50:37  -  22:58:44 


Figure  13.  Histograms  of  olouda  base  height  (lert)  and  oloud  thiokness  (right)  for 
August  1 6 ,  1988  (College  Park,  MD). 

Figure  Ik  compares  the  effective  baoksoatter-to-extinotion  ratio  of  September  15  to 
the  mld-oloud  temperatures  estimated  from  radiosonde  data.  The  square  In  Figure  Ik 
gives  the  position  of  the  average  values  for  the  sample.  The  value  of  effective  baok- 
aoatter-to-extinot Ion  ratio  at  -36*C  Is  the  same  as  a  value  reported  previously  for  this 
temperature. 1 5  After  accounting  for  their  use  of  an  isotropla  baoksoatter  coefficient 
(-  kna0),  the  value  given  by  these  authors  is  0.035,  while  the  average  value  from  Figure 
Ik  is  iJ.035.  Here  we  havo  Ignored  possible  effeots  from  multiple  scattering  inside  the 
oloud,  whloh  is  Justified  considering  the  narrow  field  of  view  of  the  receiver  (1 .2  mrad 
full  angle) . 

The  backaoatter-to-extlnotlon  ratio  is  dependent  on  the  oloud  particle  phase  and 
crystal  habit.  Larger  polyorystalllne  forms  have  been  seen  to  predominate  in  olrrus 
olouda  at  temperatures  greater  than  -k0°C.  while  smaller  and  simpler  crystal  forms  are 
more  numerous"®  at  temperatures  below  -k0°C  to  -50»C.  Superoooled  water  droplets 
oartalnlv  exist  In  olrrus  olouds  at  temperatures  above  -k0°C,  and  there  have  been 
reports''  of  manifestations  of  their  presence  at  temperatures  as  low  as  -5bQC.  Since 
the  baoksoatter-to-extinotlon  ratio  Is  thought  to  be  greater  for  water  droplets  than  ice 
crystals,  and  to  be  larger  for  the  more  oomplex  loe  orystals  found  at  warmer  tempera- 
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tures  than  for  the  simpler  crystals  found  at  lower  temperatures,  one  expects  greater 
values  of  this  ratio  at  higher  temperatures.  Indeed,  Platt  and  Dllley  have  found  this 
to  be  the  case  in  their  observations, ^  and  have  also  noticed  a  sharp  Jump  in  the  ratio 
at  temperatures  of  -40°C  and  -50°C,  where  one  might  expect  a  change  due  to  changing 
particle  phase  and  crystal  habit.  Our  observations  will  be  geared  toward  increasing  the 
number  of  results  such  as  these  presented,  in  order  to  enable  us  to  draw  more  definitive 
conclusions  on  the  microphysieal  properties  of  cirrus  clouds. 


0.10 


a 

a: 


c 

o 


L> 

c 


0.08  H 


*  o.o6  q 


<0 

■z  0.04  q 
o 
o 

o 

m  o.o2  q 

4) 

> 

t> 


uj  0.00  ~r~i  ~i 
-39.0 


1 5  Sept  88 


21:53:26-22:37:43 


* 


* 


* 


* 


* 

* 


♦ 


* 


*** 


* 

*v  * 

.  — P.  ;■ 

*  —  * 


%* 


♦  *  * 
* 


4 

4 


4 


i  rm  ,  [Tri ~i'  v  i-rri"|  m  I  1  rmirivri  i  i-riT~i~iT rm-nq 
—38.0  -37.0  -36.0  -35.0  -34.0 

Temperature  (K) 


Figure  14.  Observed  values  of  the  effective  backsoatter- to-extinotion  ratio  for 

different  values  of  raid-cloud  temperature-  Temperature  is  inferred  from 
radiosonde  profiles. 


6.  UPPEH  ATMOSPHERE  OBSERVATIONS  BX  HEANS  OF  RAXLEIGH  SCATTERING 

This  section  reports  e' amples  of  the  measurement  of  thermal  properties  and 
fluctuations  in  the  stratosphere  and  mesosphere,  using  Rayleigh  backscatter  intensity  as 
a  function  of  altitude. 1 °"23  This  method  employs  the  linear  dependence  of  Rayleigh 

scattering  on  gas  density,  plus  the  ideal  gas  law  and  the  hydrostatic  pressure  equili¬ 

brium  of  the  atmosphere.  Integration  of  these  equations  from  high  altitude  downward 
yields  profiles  of  the  absolute  temperature  and  the  relative  density. 

Figure  15  shows  plots  of  absolute  temperature  and  relative  density  vs_  altitude  for 
a  50-minute  period  on  the  night  of  March  16,  1989.  The  dashed  curves  represent 
climatological  averages^  for  the  month  of  March  at  our  local  latitude.  The  relative 
density  Is  normalized  to  unity  at  35  km  altitude.  Below  this,  the  data  are  problema¬ 
tical  because  of  saturation  in  the  photon  counter  and  possible  aerosol  contributions  to 
the  lidar  return.  The  regions  that  we  currently  monitor  with  the  greatest  reliability 
are  the  upper  stratosphere  (35-50  km)  and  most  of  the  mesosphere  (50-70  km).  While  the 

stratosphere  is  relatively  qulesoent,  the  regions  above  the  stratopause  (*  47-50  km) 

display  great  variability  in  the  density  and  temperature.  Large  density  fluctuations 
can  occur, ">5  the  medium  often  appears  "turbulent"  with  a  dominant  fluctuation  ocale 
size  of  order  1-3  km,  and  propagating  gravity  waves  are  frequently  seen.  In  some  cases, 
these  atmospheric  density  fluctuations  oan  have  serious  effects  on  high  speed  vehicle 
flight  through  the  upper  atmosphere. 

Figure  16  is  a  similar  presentation  for  Novembor  21-22,  1988.  Our  data  around  this 
time  showed  large  fluctuations  and  heating  at  altitudes  above  60  km.  This  was  just 
prior  to  a  stratospheric  warming  event  that  peaked  on  December  12-13  and  was  detected  by 
ground  based  Ildar  and  passive  satellite  instruments.  Analysis  of  our  stratwarm  data  la 
continuing,  and  will  be  reported  in  the  near  future.  For  fundamental  studies  of  the 
atmosphere  for  geophysics  and  meteorology,  lidar  offers  convenient  and  frequent  access 
to  atmospheric  regions  that  are  difficult  to  monitor  by  other  means. 
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7 .  CONCLUSION 

We  conclude  by  briefly  Addressing  three  Rain  points.  First,  we  summarize  the 
results  we  have  obtained  in  the  Maryland  Ildar  program.  Secondly,  we  stress  that  our 
accomplishments  are  a  small  part  of  a  mature  Ildar  technology  base  that  has  undergone 
steady,  international  development  over  the  past  twenty  years.  Thirdly,  wo  urge  the 
defense  R&D  community  to  Incorporate  thia  technology  more  and  more  Into  atmoapherlo 
propagation  projeots. 

Table  4  summarizes  the  Maryland  results  described  in  this  presentation.  We  are 
continuing  and  broadening  this  work,  and  intend  to  use  the  transportable  Ildar  at  other 
sites  of  Interest  to  DoD  programs. 

The  capabilities  of  lidar  systems  In  general  extend  well  beyond  the  above  topics  to 
Include  atmospheric  winds,  temperature,  pressure,  humidity,  turbulence,  concentrations 
of  minor  species  and  pollutants,  and  atom/lon  species  and  motions  in  the  upper 
atmosphere.  While  scientists  and  engineers  in  the  United  States  have  played  a  major  role 
In  Ildar  developments,  much  of  the  Initiative,  excellence,  and  aooompllshoent  in  thia 
field  oomes  from  other  countries. 

As  a  result  of  all  this  work,  It  is  now  possible  to  carry  out,  by  means  of  Ildar, 
almost  any  remote  measurement  of  the  atmosphere  that  would  be  required  for  eleotromagne- 
tlo  propagation  experiments.  We  suggest  that  atmoapherlo  Ildar  is  still  a  greatly 
underutilized  technology,  having  the  potential  for  long-awaited  improvements  in  the 
efflolenoy,  reliability  and  declslveneas  of  R&D  programs  in  eleotromagneblo  propagation. 


TABLE  4.  RESULTS  -  UNIVERSITY  OF  MARYLAND  LIDAR  (SEPTEMBER  1989) 


•  Atmoapherlo  baokaaatter  (aerosol/moleoules) 

to  85  km  altitude 

•  Baoksoatter  Intensity  (altitude  -  time  plots) 

•  Molecular  temperature/denslty  prorilea 

(Rayleigh  scattering)  in  stratosphere/mesosphere 

•  Deteotlon  and  morphology  of  optically  tbln  oirrua  (t  i  .01) 

•  Depolarization  by  olear  air  and  oirrua  clouda 

•  Independent  baokaoatter  arid  estlnotlon  ooefflolenta  for  high 

olouda 

•  Linear/non-llnear  relationahlpa  between  baoksoatter  and  extinction 

•  Extinction  deterulned  by  lnverolon  of  lidar  baokaoatter 

•  Stetiatloa  on  oirrua  height,  tbloknaaa,  and 

optical  propertiea  vo  temperature 


16  Mor  89  21:47  -  22:37 


16  Mor  89  21:47  -  22:37 


Figure  15.  Vertical  profiles  of  atmoapherlo  temperature  and  density  measured  by  lidar 
(March  16,  1989,  College  Park,  HD).  Altitude  range  of  reliable  data  is 
35-70  km. 
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21-22  Nov  88  23:19  -  00:09 


21-22  Nov  88  23:19  -  00:09 


Figure  16.  Lldar  profiles  of  temperature  and  density  (November  21-22,  1988,  College 

Park,  MD)  .  Evidence  of  meaospherlo  heating  and  large  density  fluctuations 
above  60  km. 
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DISCUSSION 

B.  IYUM 

Do  you  have  any  physical  insight  am  to  your  non-linear  relationship  between  p  (backseat- 
ter)  and  a  (extinction)? 

AUTHOR'S  AH PLY 

We  do  not  believe  that  there  is  any  intrinsic  non-linear  relationship  between  the 
amounts  of  p  and  e  in  any  given  scattering  event,  but  rather  that  some  unmeasured  cloud 
property  (e.g.  particle  distribution  function)  changes  as  we  go  from  thin  to  thiak 
clouds  within  a  given  set  of  observations.  Multiple  scatter ing  (MS)  is  not  responsible 
for  the  non-linear  relationship  between  the  effective  extinction  and  the  effective 
bsakeaatter ;  MS  would  cause  the  logarithmic  curves  to  bend  the  other  way,  i.e.,  to  have 
a  elope  leee  than  unity. 

J.  RIOMTia 

A  relationship  between  baokecatter  and  extinction  holds  only  for  aerosols  of  the  same 
compositions  and  origin.  If  you  have  overlying  air  masses  of  unknown  aerosols,  you 
don't  know  the  backsoatter  -  extinction  relationship  and,  therefore,  can't  infer  extinc¬ 
tion  profiles  through  such  layers. 

AUTHOR'S  MVLY 

What  we  have  done  is  to  establish  some  approximate  calibrations  of  high  cloud  extinction 
in  terms  of  the  easily-measured  lidar  quantity  -  namely  the  backsoatter  profiles,  in  so 
doing,  we  find  systematic  -  and  to  some  degree  non-linear  -  relationships  between  the 
observed  total  extinction  and  the  observed  naan  baokecatter.  This  is  very  useful, 
because  we  can  infer  extinction  from  baokscatter  in  future  observations,  at  least  to 
within  certain  error  bounds.  Also,  it  ie  a  fact  that,  when  wa  employ  two  aforesaid  non¬ 
linear  relationships  in  a  Fernald-Xlett-Kaestner  inversion  of  the  backsoatter  alone,  we 
obtain  good  agreement  between  the  calculated  total  extinction  by  these  high  clouds  and 
the  empirical  total  extinction.  I  am  aura  there  are  situations  in  which  the  p-a  rela¬ 
tions  (along  the  lidar  line  of  sight)  are  so  variable  that  the  inversion  process  would 
not  be  reliable.  However,  I  suggest  that,  even  there,  the  use  of  data  from  the  total 
extinction  versus  mean  baokecatter  method  may  bound  the  p-o  relationship  sufficiently 
that  tha  extinction  profiles  (derived  from  the  resulting  inversion)  are  satisfactory  for 
some  purposes.  Further,  1  suggest  that  experiments  of  this  type  be  carried  out  for  the 
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ABSTRACT 

Concentration  inhomogeueities,  cause  by  turbulence,  in  obscurant  clouds  are  studied 
by  using  a  rapidly  scanning  lidar.  Spatial  correlogratns  in  the  three  Bpatial  directions  are 
derived  and  are  related  to  atmospheric  stability.  Implications  of  these  inhomogeneities  for 
obscurant  effectiveness  and  interdevice  comparison  are  discussed. 


1.  INTRODUCTION 

It  is  known  that  obscurant  clouds,  produced  in  the  field,  have  significant  concentration 
inhomogeneities.  Large  concentrations  can  give  excellent  screening  against  enemy  threats, 
however,  low  concentrations  may  give  the  enemy  significant  time  to  lock  on  to  a  friendly 
target.  It  is  therefore  important  to  have  an  understanding  of  the  statistical  size  of  the 
concentration  inhomogeneities  under  different  atmospheric  conditions. 

To  date  the  rapid  changes  in  concentrations  have  not  been  studied  to  any  great  extent 
since  it  is  extremely  difficult  to  model  or  measure  these  fluctuations  in  realistic  conditions. 
This  paper  is  an  early  attempt  to  directly  measure  some  of  the  statistical  behaviour  of  these 
fluctuations.  To  do  so,  the  results  obtained  by  the  Laser  Cloud  Mapper  (LCM)  from  Smoke 
Week  DC  (SWIX)  have  been  used.  The  Smoko  Weeks  are  large  obscurant  events  operated 
by  the  PM  Smokc/Obscurant  office  of  the  US  Army.  SWIX  was  hold  from  4-17  May  1987 
at  Eglin  Air  Force  Base  in  Florida  (see  (1)).  During  this  set  of  triuls  the  LCM  measured 
the  smoke  concentration  for  many  obscurant  types  and  different  atmospheric  stabilities 
(Pasquill  stabilities).  Furthermore,  since  the  LCM  rapidly  scans  the  entire  cloud,  details  of 
the  concentration  and  transmission  iuhomogeneities  can  be  obtained.  Also,  LCM  derived 
concentrations  were  compared  with  20  90°-nephelometers  that  were  placed  in  situ  in  a  line  in 
the  cloud.  It  was  found  during  the  comparison,  that  the  concentration  inhomogeueities  cun 
be  extreme,  especially  in  the  vertical  direction,  hence  detailed  knowledge  of  the  correlation 
lengths  in  the  region  of  the  comparison  is  required  to  perform  a  fair  comparison. 


2.  BRIEF  DESCRIPTION  OF  THE  LASER  CLOUD  MAPPER 

The  LCM  was  originally  developed  by  OPTECH  Inc;.,  Downsview,  Ontario  in  1980  for 
DREV.  It  is  a  rapidly  scanning  Lidar  system  that  operates  a  1.06  pm  Nd:YAG  laser  with  a 
100  Hz  repetition  frequency.  The  nominal  pulse  length  is  about  10  ns.  The  direction  of  the 
laser  beam  is  constrained  by  a  rotating  mirror  to  form  laser  fire  positions  in  a  raster  scan 
pattern.  This  scan  pattern  as  well  as  the  pulsing  laser  allows  the  LCM  to  interrogate  the 
cloud  in  the  three  spatial  dimensions  as  well  us  time.  A  typical  ‘snapshot’  of  the  cloud  takes 
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about  2.0  8  to  perform  and  can  be  repeated  every  4  s.  A  schematic  of  the  LCM  operation  is 
shown  in  Fig.  1. 

A  typical  trial  setting  for  the  LCM  is  to  fire  30  —  40  shots  horizontally  over  90°  of 
azimuth  for  5  -  6  different  elevation  angles.  Thus  between  150  to  240  shots  may  be  involved 
in  scanning  a  cloud  at  one  time.  More  or  less  shots  and/or  more  or  less  elevation  angles  can 
be  used  to  vary  the  azimuthal  and  vertical  resolution.  The  radial  resolution  can  be  varied 
from  1.5  m  to  very  coarse  distance  intervals.  The  best  radial  resolution  is  usually  preferred. 
For  the  SWIX  trials  the  LCM  was  usually  set  to  36  shots  for  each  horizontal  sweep  with  6 
sweeps  making  up  a  full  scan.  Thus  216  shots  comprised  a  scan.  More  infonnation  of  the 
LCM  can  be  found  in  (2)  and  (3). 


3.  TRIAL  SETUP  AND  DATA  REDUCTION 

A  schematic  of  the  trial  layout  for  the  LCM  at  SWIX  is  shown  in  Fig.  2.  Shown  axe  the 
smoke  release  area,  typical  positions  of  the  smoke  generators  and  the  line  of  nephelometers 
and  the  position  of  the  LCM.  For  this  trial  the  LCM  was  sot  up  to  scan  the  laser  over  90° 
in  azimuth  aud  between  5°  to  10°  in  elevation.  Usually  the  radial  resolution  was  set  to 
about  1.5  m  with  100  bins  (radial  resolution  elements)  to  each  shot.  The  electronic  delay, 
or  the  point  from  the  LCM  where  the  data  was  collected,  was  varied  so  that  the  obscurant 
cloud  was  near  the  front  part  of  each  shot.  As  the  wind  direction  varies  this  positioning  of 
the  cloud  with  respect  to  the  LCM  data  collection  was  imperfect,  and  hence  was  not  always 
ideal. 

Most  of  the  SWIX  trials  lasted  for  1-2  minutes.  In  this  time  the  LCM  collected  9 
statistically  independent  whole  volume  samples  of  thu  cloud  concentration. 

The  cloud  concentration  is  obtained  by  inversion  of  the  lidar  equation  and  using  the 
ancillary  relations  that  rclutc  backscatter  to  extinction  and  extinction  to  concentration.  The 
monostatic  Lidar  equation  is 


P*xP0F(r) 


cr 


2 -7^{r)e' 


u  JT  ■'(’•')  Ur‘ 
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where  P  is  the  return  power,  P0  is  the  initial  loser  pulse  power,  F(r)  is  a  system  specific 
function,  c  is  the  speed  of  light,  t  is  the  laser  pulse  length,  A  is  the  receiver  urea,  ft  is  the 
backscatter  coefficient,  and  o  is  the  extinction  coefficient.  The  baekscattur  to  extinction 
relation  used  is  the  linear  relation 

p(r)  *  Scr(r)  [2] 

where  K  is  the  Lidar  ratio.  The  final  relation  required  is 


C(r)  =  aar(r)  [3] 

where  C(r)  is  the  range  resolved  concentration  and  a  is  the  volume  or  linear  extinction 
coefficient. 

The  method  of  inversion  employed  is  similar  to,  but  not  the  same  as,  the  now  often 
used  inversion  method  of  Klett  (4).  Unlike  in  (4),  this  inversion  method  requires  only  one 
boundary  term  for  a  whole  set  of  trials  os  opposed  to  a  new  boundary  condition  for  each 
Lidar  shot. 

The  inversion  method  and  validity  of  [1]  cuu  be  found  in  (5)  aud  the  range  of  validity 
of  [2]  is  discussed  in  (6).  As  of  yet  the  validity  of  [3]  has  not  been  detailed  in  the  literature 
but  it  is  known  to  be  valid  for  aerosols  not  changing  in  particle  size  distribution  aud  for 
some  combinations  of  wavelength  and  water  aerosols  (7).  The  mass  extinction  coefficients 
have  been  obtained  in  the  field  (8)  and  in  aerosol  chambers  (9)  and  (10)  for  u  variety  of 
obscurautB, 


4.  CORRELATION  LENGTHS 


The  statistical  parameter  used  to  analysis  the  data  from  the  LCM  to  indicate  the  extent 
of  concentration  inhomogeneities  is  defined  here  as  the  correlation  length.  It  is  defined,  in 
analogy  to  the  scale  of  turbulence  (11)  and  (12),  as 

is  —  I  Ri(x)  dx  [4] 

Jo 

where  l  is  the  correlation  length,  r  is  the  distance  between  any  two  point;;  in  the  6  direction, 
and  R  is  the  correlation  function  defined  as 

Rs  =  ZKJJ/C*.  [0] 

Here,  Ci  is  the  aerosol  concentration  at  point  i  and  (^represents  the  average  of  the  con¬ 
centration  squared  over  time.  It  is  assumed  here  that  C2  is  independent  of  small  changes 
in  the  cloud.  This  is  consistent  with  the  assumptions  inherent  in  [5],  i.e.  of  statistical  ho¬ 
mogeneity  and  isotropy.  The  different  directions  that  will  be  considered  here  are  the  radial, 
r,  azimuthal,  0  and  vertical,  v,  directions.  Since  for  a  majority  of  trials  the  wind  direction 
was  perpendicular  to  the  central  LCM  shot  direction,  the  radial  direction  can  be  considered 
the  same  as  the  cross  wind  direction. 

Since  the  LCM  obtains  information  on  C,  over  a  great  many  different  positions  and 
times,  it  is  possible,  using  the  abovo  definition  to  estimate  if,  and  hence,  i  at  any  point 
inside  the  cloud  within  the  spatial  resolution  of  the  LCM  of  the  particular  direction. 

Again,  in  analogy  with  the  scale  of  turbulence  (11),  the  correlation  function  R  cun  be 
modeled  by  a  gaussian  curve.  Here  we  will  use  the  average  7?  instead  of  R  since  we  want  a 
statistical  average  of  the  concentration  scale.  Thus  we  have 

Ri  =  e  *■?.  [6] 

With  thiH  model  we  thou  have 

Is  -  y/nfos-  [7] 

This  means  that  an  estimate  of  Is  is  given  approximately  by  1  =  x'  whore  I^(x')  =  .5.  This 
will  be  made  more  clear  in  the  following  section  discussing  results. 


5.  RESULTS  AND  DISCUSSION 

For  many  types  of  obscurants  and  atmospheric  stability  conditions  Rs  and  consequently 
It  have  be  derived  from  the  LCM  data.  Attempts  to  relate  these  quantities  to  atmospheric 
stability,  obscurant  type  and  distance  into  the  cloud  are  discussed  in  this  section. 

Examples  of  versus  distance  from  the  point  in  question,  for  fog  oil  are  given  in  Figs. 
3-6.  Plotted  in  the  diagrams  are  7?*  in  Fig.  3,  7lr  in  Fig.  4  and  75„  in  Fig.  5.  These  plots 
are  sometimes  called  correlograms.  Shown,  in  Figs.  3-4,  are  three  different  trials,  each  curve 
being  an  average  over  9  statistically  independent  samples  at  the  same  position.  Note  that 
Ms  rapidly  decreases  from  1  to  values  less  than  .6,  Figure  6  is  for  only  one  fog  oil  trial  but 
shows  the  variation  with  distance  from  the  LCM  instead..  In  Fig.  3,  Ig  rj  20  -  30  m  using 
the  criterion  in  the  last  paragraph  of  the  last  section.  From  the  latter  two  diagriuus  we  can 
estimate  lr  w  16  -  40  ni  and  w  1  -  2.6  m.  Although  ?r  m  ig  for  these  case  is  much 
smaller.  This  shows,  as  is  generally  known,  that  £  is  an  anisotropic  quantity. 

No  discernible  relationship  between  ?r  or  tv  and  the  various  obscurant  types  could  be 
found.  This  is  Bhowu  in  Figs.  &-7.  Figure  6  shows  £,.  for  8  different  obscurant  types  and 
Fig.  7  shows  ?„  for  the  same  obscurant  types.  It  is  surprising  at  first  that  the  generator 
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Fig.  3-  Correlogram  of  the  azimuth*!  correlation  coefficient  vermin  dis¬ 
tance  from  point  in  question  for  fog  oil  trials  SW1X  120,  121, 
and  122. 
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Fig.  4-  Same  as  Fig.  3  but  the  radial  correlation  coefficient  Ih  plotted. 
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trials  (those  for  aluminum,  brass,  graphite  flakes  and  fog  oil)  are  not  different  from  the 
pyrotechnically  produced  phosphorous  trials  (white  phosphorous,  super  arboc  and  CBU88). 
The  explanation  may  be  that  the  aerosols  were  thermuiized  to  the  ambient  temperature 
before  reaching  the  particular  point  used  for  this  study.  Also  there  was  a  tendency  to  have 
generator  trials  under  slightly  unstable  or  neutral  conditions  whereas  many  phosphorous 
trials  were  held  under  more  unstable  or  more  stable  conditions. 

During  the  SWIX  trials  many  different  atmospheric  stability  categories  were  encoun¬ 
tered.  This  allows  for  a  study  to  see  if  there  is  any  trend  between  the  correlation  length 
and  atmospheric  stability  (hero  summarized  by  the  Pasquill  catogory).  The  categories,  A-G 
vary  in  the  degrees  of  stability  from  very  unstable  to  extremely  stable,  category  D  being  the 
neutral  condition.  The  data  set  from  the  SWIX  trials  did  not  have  any  cases  with  A  or  E 
stability  categories.  In  the  cross  wind  or  radiul  direction  a  trend  with  the  Pasquill  category 
can  be  seen  in  Fig.  8.  The  results  from  15  different  trials  including  different  obscurant 
types.  It  is  evident  that  the  correlation  length  in  the  cross  wind  direction  increases  with 
increasing  utmospheric  stability.  This  is  not  surprising  since  the  more  stable  conditions 
produce  layering  of  the  atmosphere  whereas  the  unstable  conditions  axe  more  turbulent  and 
thus  break  up  the  layering,  Note  that  7r  «  3  -  5  m  for  B  stability,  7r  k>  8  -  15  m  for  neutral 
stability  D,  and  7r  «  10  -  25  m  for  the  very  stabile  conditions  F  and  G.  The  point  for  G 
stability  should  be  considered  tentative  since  there  is  only  one  point  and  the  obscurant  used 
(Super  Arboc)  is  created  by  many  sub-source  points. 

A  similar  plot  to  Fig.  8  is  Fig.  9  that  shows  the  vortical  correlation  length  plotted 
agaidiit  the  Pasquill  category.  Note  in  this  ease  that,  although  the  trend  is  less  obvious, 
there  is  a  tendency  for  this  length  to  decrease  with  increasing  atmospheric  stability.  This  is 
presumably  since  us  the  atmosphere  is  more  layered  in  very  stable  conditions  there  is  littlu 
connection  between  the  variations  bid  ween  the  concentration  in  one  layer  and  another.  This 
connection  is  increased  with  increasing  turbulence.  Here  7V  «  3.G  -  5.2  m  for  the  unstable 
conditions,  7V  w  1.8  -  3.Gm  for  neutral  stabilities,  and  7V  »  0.8  -  2  m  for  the  very  stable 
conditions.  It  is  interesting  to  note  that  7r  «  ?„  for  category  13.  It  is  desirable  to  know 
the  trend  for  category  A.  Again  the  point  for  G  should  be  considered  tentative.  Since,  in 
general,  7V  <  (r  an  iutcrduvice  comparison  should  be  performed  at  the  same  vertical  height. 

From  the  preceding  two  diagrams,  Fig.  8  and  9,  a  lesson  can  be  drawn  In  any  attempt 
to  compare  two  Instruments  that  measure  the  same  quantity  that  involves  concentration. 
If  the  distance  between  the  measuring  points  of  the  two  instruments  is  of  the  order  of  7&  or 
less  it  should  not  be  expected  thut  the  two  devices  will  agree  at  all  points  even  if  each  is  a 
perfect  measuring  systum.  Furthermore  since  it  appears  that  7a  is  a  function  of  atmospheric 
stability  this  factor  must  be  included  in  the  analysis  of  the  comparison. 

In  order  to  see  if  there  is  any  link  between  the  distance  into  the  cloud  and  7r  or  7V  the 
point  fur  the  same  stability  category  were  averaged  and  then  plotted.  The  averaging  being 
performed  as  an  attempt  to  amplify  any  tendency.  The  result  is  Figs.  10  and  11.  These  ore 
plots  of  7r  or  7V  respectively  with  distance  into  cloud  separated  into  the  different  Pusquill 
categories.  No  apparent  treud  is  noticeable  in  Fig.  10.  However,  in  Fig.  11,  lv  appears  to 
increase  about  30  in  iuto  the  cloud  and  then  decrease  for  the  unstable  conditions  and  does 
not  change  for  the  neutral  and  stable  categories.  It  is  should  be  pointed  out  that  the  typical 
generator  width  was  about  30  ni  (as  meusured  by  the  LCM)  mid  thus  the  behaviour  of  7r 
or  7V  iuto  the  cloud  may  be  explained  by  this.  However  the  two  trials  used  for  Pasquill 
category  B  were  white  phosphorous  clouds.  This  makes  the  interpretation  difficult. 
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Fig.  10-  Averaged  radial  correlatiou  length  versus  distance  into  cloud  for 
various  Pasquill  categories. 
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Fig.  11  Normalized  and  averaged  vertical  correlation  length  versus  dis¬ 
tance  from  front  of  cloud  for  various  Fustic, ill  categories. 


5.  SUMMARY 


Result  of  the  LCM  obtained  from  Smoke  Week  IX  were  analyzed  to  obtain  information 
on  statistical  spatial  extent  of  concentration  inhoruogeneities  in  obscurant  clouds  under 
realistic  conditions.  Seven  different  obscurant  types  are  included  in  the  discussion  as  well  as 
five  different  Pasquill  stability  categories.  It  is  tentatively  shown  that  the  average  cross  wind 
correlation  length,  ~lT ,  increases  and  the  average  vertical  correlation  length,  £v,  decreases 
with  atmospheric  stability.  This  is  probably  due  to  the  amount  of  layering  or  turbulence 
occurring  under  a  given  atmospheric  stability.  As  the  atmospheric  stability  increased,  lr 
varied  from  «  3  m  to  over  15  m  and  lv  went  from  «  5  m  to  0.8  m. 

No  effect  on  these  correlation  lengths  was  found  by  changing  the  obscurant  type.  This  is 
possibly  due  to  the  selectiveness  of  performing  generator  trials  under  more  neutral  conditions 
than  the  pyrotechnically  produced  events. 

Very  preliminary  results  indicate  that  the  vertical  correlation  lengths  may  increase  with 
increasing  by  distance  into  the  cloud. 
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W.  CARNUTH 

How  do  you  gat  the  data  in  grams  par  m3  in  your  lidar-naphalomater  comparison  from  the 
data  in  optical  units? 

AUTHOR'S  REPLY 

X  first  obtain  the  volume  or  linear  extinction  coefficient  by  using  lidar  inversion. 
To  obtain  the  concentration  from  this,  I  use  independent  experimental  or  field  measured 
values  of  the  mass  extinction  coefficient.  Thus  the  concentration  is  obtainod  by  divid¬ 
ing  the  volume  extinction  by  the  mass  extinction  coefficients. 
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Cirrus  Claud  Optical  Properties  Hessured  with  the  University  of 
Wisconsin  High  Spectre!  Resolution  and  Volume  Imaging  Lldars 


E.W.  Eioranta  and  C.J,  Crund 
University  of  Wisconsin 
1225  W.  Dayton 
Madison,  WI  53706 
USA 


The  High  Spectral  Resolution  Lldar  (HSRL)  provides  calibrated  range -resolved  Measurements 
of  ataospherlc  optical  parameters.  These  Measurenents  include:  the  optical  backscatter  cross 
section,  extinction  cross  section,  optical  depth  and,  when  the  absorption  cross  section  is 
negligible,  the  backscatter  phase  function.  Calibrated  Measurenents  are  achieved  by  parti¬ 
tioning  the  Ildar  signal  into  separate  aerosol  and  Molecular  scattering  coaponenta.  The 
separation  is  possible  because  the  Molecular  signal  is  spectrally  broadened  by  Doppler  shifts 
from  the  theraal  velocities  of  the  Molecules  while  the  aerosol  return  speotrua  is  nearly 
unaffected  by  the  slow  Brownian  notions  of  the  aerosols.  Details  of  the  HSRL  systea  can  be 
found  in  Crund  (1987)  and  Shipley  et.  al.  (19B3). 

Visible  and  subvislble  cirrus  cloud  optical  properties  Measured  at  a  wavelength  of 

510  nm  with  the  HSRL  are  presented  in  this  paper.  Backscatter  cross  sections  between  5xl0"5 
-1  -1 

(kn  sr)  )  to  0.18  (ka  sr)  have  been  neaaured  along  with  backscattar  phase  functions  in  the 

range  between  .02  sr" 1  and  .065  sr'1  (phase  function  values  are  presented  In  normalized  fora: 
ie.  divided  by  4  f) .  The  highest  values  oi  both  baokscatter  oross  section  and  back-scatter 
phase  have  been  observed  in  layers  where  cirrus  is  foraing  by  the  glaciation  of  altocumulus 
clouds;  these  values  are  likely  to  represent  the  donlnate  optical  effect  of  liquid  water  in 
nixed  phase  clouds.  Clouds  with  optical  depths  ranging  fron  .003  to  2,9  have  been  observed; 
at  tha  low  end  of  thla  range  the  clouds  are  not  visible  to  the  eye.  These  subvislble  clouds 
often  occur  at  the  saaa  altitude  as  visible  cirrus  and  in  spaces  between  visible  clouds. 
Figure  1  presents  an  exaaple  of  tha  tenuous  enhanced  backscattar lng  often  observed  with  the 
HSRL  at  cirrus  altitudes.  While  we  refer  to  these  clouds  as  subvislble  "cirrus”  it  is 
possible  that  at  least  some  of  tbaa  are  aerosol  danse  regions  rather  than  ice  clouds.  Since 
2.9  is  largest  optical  depth  we  can  currently  observe  with  the  HSRL  this  does  not  represent 
the  naxlauM  optical  depth  of  clrrue;  however,  most  cirrus  optical  depths  are  smaller  than 
this  Unit.  Table  1  provides  examples  of  the  nld-cloud  altitudes,  tha  optical  thickness, 
and  tha  backscatter  phase  function  observed  in  cirrus  clouds  with  the  HSRL.  The  mid-cloud 
temperatures  reported  in  this  table  were  derived  from  radiosonde  data.  Figure  2  plots 
optical  thicknass  of  cirrus  clouds  as  a  function  of  their  mid-cloud  temperature.  It  is 
clear  that  maximum  optical  thickness  increases  in  warmer  clouds  as  might  be  expected  because 
of  the  potentially  larger  total  wetnr  content  of  air  at  higher  temperatures.  Platt  and 
Dilley  (1984)  present  evidence  of  an  abrupt  change  in  the  backscatter  phase  function  of 
cirrus  clouds  at  a  tamparatura  of  -  40°C.  Figure  3  preaancs  chair  results  along  with 
meesurementa  obtained  from  the  HSRL.  Although  the  error  bars  on  tha  HSRL  obeervatlone  are 
etill  quite  large  end  the  scatter  could  possibly  obscure  evidence  of  a  sharp  transition, 
cirrus  clouds  ovsr  Madison,  Vis.  do  not  appear  to  show  ths  some  bahavlor.  Figure  4  shows 
a  comparison  of  cirrus  cloud  optical  depths  maasurtd  with  the  HSRL  and  thermal  amlssivlties 

.2 

maaaurad  by  aatalllta  with  the  CO  slicing  method  (for  details  of  the  method  see  Kenzel 
at.  el.  (1983)).  Theee  preliminary  observations  lend  support  to  the  model  results  of 
Hansen  (1971)  which  are  also  plotted  in  the  figure. 

The  Univareity  of  Wisconsin  also  operates  a  VoIusm  Imaging  Lldar  (VIL)  optimized  for 
three-dimensional  mapping  of  atmospheric  structure.  This  lldar  couples  e  0.6J,  30Hz  Nd-YAC 
laser,  with  e  0,5  m  diameter  receiver,  a  20  degree/eec  beam  scanning  unit  and  data  system 
capable  of  acquiring,  displaying  and  storing  data  at  sustained  high  rates .  In  a  single 
thirty  second  seen  this  lider  can  produce  a  high  resolution  picture,  composed  of  900  lldar 
profiles,  depicting  e  200  km  long  segment  of  a  clrrue  cloud. 

Images  of  cirrus  clouds  obtalnad  with  the  volume  imaging  lldar  show  diverse  cirrus 
morphologies.  The  thickness  of  cirrus  layers  vary  from  less  than  100  meters  to  over 
8  kilometers.  In  the  citrus  anvils  of  thunderstorms,  thin  stable  layers  (order  of  100 
meters)  are  Interspaced  with  chaotic  apparently  turbulent  layers.  Other  clouds  show 
multiple  thin  horizontal  layers  distributed  ovsr  many  klloswters  of  depth  with  occasional 
shafts  of  wind  shearad  lea  crystal  vlrga  falling  through  tha  entire  depth  of  the  cloud 
region.  In  soma  cases,  wind  sheared  cirrus  cells  overlap  to  produce  a  Venetian  blind 
effect  eo  as  to  provide  frequent  holes  when  the  cloud  le  viewed  at  email  elevation  angles 
In  one  direction  end  continuous  coverage  when  viewed  In  other  directions.  Specular  re¬ 
flections  from  horizontally  oriented,  flat  faced  crystals  are  frequently  observed  when  the 
lldar  ie  pointed  vertically.  The  scattering  croea  section  often  increases  by  more  then  a 
factor  of  ter  within  e  degree  of  the  zenith.  Tha  crystal  forms  in  the  clrrue  clouds  appear 
to  be  spatially  and  temporally  variable.  Images  show  specular  reflections  in  thin  layers 
separated  by  less  then  100  sisters  in  altitude  from  clrrue  layers  showing  no  evidence  of 
enhanced  reflection.  Time  lepee  video  movies  generated  from  these  lider  scant  show  regions 
of  specular  reflection  which  appear  and  disappear  as  the  cloud  la  edvected  by  the  lider, 

This  indicates  that  tha  crystal  forms  orientation  also  vary  in  the  horizontal. 
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iR,  1.  Background  veil  of  enhanced  particulate  buckacatter  may  persist  st  cirrus 
cloud  altitudes  even  whsn  cirrus  ars  not  apparent.  The  range  resolution  has 
besn  reduced  to  900  m  to  Improve  the  noise  statistics  of  this  low  backscatter 
data. 


Backscatter  Phase  Function  {SR  ’1)  2  Optical  Thickness 


Cloud  Optical  Thickness  vs.  Temperature 
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.2.  As  th.  aid-cloud  tanparature  decreases,  tha  uaxioua  clrrtia  cloud  layar  optical 
thlcknaaa  also  dacraasaa,  while  tha  alnlmua  obsatvad  cloud  optical  thicknaaaea  do. 
not  aaau  to  dapand  on  tanparature. 


Backscatter  Phase  Function  vs.  Temperature 
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Fig.  3.  HSRL  determined  backscatter  phase  function  as  s  function  of  aid-cloud 
tauparatura , 
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J.  HURT 

You  showed  that  you  measured  specular  raflactiona  in  th«  top  layar*  of  cirrus  clouds 
whan  you  looked  vartically.  Did  you  find  avidanca  of  specular  raflactiona  at  othar 
alavation  angles,  which  aight  indioata  that  tha  ica  cryatala  ara  oriantad  at  othar 
angles  in  lowar  Xavala  in  tha  cloud  (in  particular  in  tha  vanatian  blind  like  cloud 
formation  which  you  obaorvad)?  Alas,  did  you  find  avidanca  of  horizontally  oriantad  ica 
platalata  at  lowar  lavala  in  tha  cloud  or  wara  thay  only  naar  tha  top  of  tha  clouda? 

AUTHOR'S  RRFLY 

Wa  hava  not  obaarvad  apacular  raflactiona  at  pointing  diraotiona  othar  than  tha  zanith. 
I  don't  hava  any  raaaon  to  axpact  systematic  oriantation  at  othar  anglaa.  Spaouiar 
raflaationa  ara  fraquantly  seen  at  many  diffarant  altitudaa,  howevar  thay  appaar  moat 
fraquantly  at  high  altitudaa  in  tha  caaaa  wa  hava  obaarvad. 

V.  THXHRMRHH 

You  mentioned  your  lidar  ia  capabla  of  datacting  inviaibla  cirrus  clouds,  what  was  tha 
probability  of  datacting  a  structure  you  would  call  a  "cirrus  cloud"  in  you  lidar  obaar- 
vations? 

AUTHOR'S  RRPLY 

At  this  point,  wa  hava  not  analyzad  a  sufficiant  number  of  cnsas  to  otata  a  parcantaga 
probability  with  muoh  reliability.  On  days  whara  airrua  ia  viaibla  anywhara  in  tha  sky, 
wa  find  a  high  probability  of  observing  "aubvisible"  cirrus  in  regions  of  tha  sky  which 
appaar  clear  to  tha  aye.  My  general  impression  is  that  more  than  lot  of  tha  clear  sky 
daye  hava  thin  layers  of  enhanced  optical  scattering  at  cirrus  altitudaa.  Again,  it  is 
not  clear  whether  these  layers  ara  composed  of  ica  crystals  or  ether  aerosols. 

H.  LAMBRRTOH 

Recant  results  from  an  airborne  CW  C02  laser  backaoatter  measuring  system  show  vary  high 
(/9  -  10~7  -  10-8)  acattar  from  extremely  thin  incipient  oirrua  layars  approximately  tans 
of  metars  thicK  which  ara  difficult,  if  not  impossible,  to  detect  from  ground  or  satel¬ 
lite,  but  which  would  hava  a  major  effect  on  airborne  IR  systems. 

AUTHOR'S  HR PLY 

Wa  also  oftan  observa  vary  thin  layars  of  subvisibla  "cirrus".  At  times,  these  may 
exhibit  relatively  high  scattering  cross  sections  and  persist  for  many  hours.  Not  all 
subvisibla  "airrua"  is  confined  to  thin  layers;  at  times  layers  with  very  small  scatter¬ 
ing  aroas  sections  per  unit  volume  can  extend  over  several  kilometers  of  altitude.  Even 
though  thasa  subvisibla  layers  oftan  exist  at  tha  same  altitude  as  visible  cirrus  it  is 
not  clear  whether  these  layars  are  composed  of  ica  crystals  or  othar  aerosols. 

a,  CLIFFORD 

Can  you  measure  temperature  with  your  lidar  using  molecular  scattering? 

AUTHOR' B  RHPLY 

You  oan  in  principle,  but  it's  very  difficult. 
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vecifiemtlom  of  Ulstt's  Method  by  comparison  of  Lidar  and  Transmisaometar  Xaaauramants 

(NATO  unclassified) 

Walter  camuth,  Fraunhofar  Institute  for  Atmospheric  Environmental  Research  (Ifrt) , 
Kreuseokbahnstrasss  19,  D-8100  Oarmisoh-Partenkirchen  (FRG) 


•uamary 

Lidar  measurements  ara  performed  In  532  no  wavelength  along  a  alant  path  frost  ground  la¬ 
va  1  at  730  a  MEL  to  a  1780  a  aountain  peak  at  7  ka  horizontal  diatanoa,  and  axtinction 
profilaa  darivad  froa  than  by  Xlatt'a  lnvaraion  aathod.  Thla  aathod,  prooaadlng  in  tha 
backward  diraotion,  avoida  tha  inatabilitiaa  occurring  with  tha  olaaaical  forward  invar- 
aion,  but  raquiraa  a  raforanoa  axtinction  valua  at  tha  and  of  tha  lidar  path.  In  our 
oaaa  it  ia  darivad  froa  visual  ranga  data  obtainad  by  an  intagrating  naphaloaatar  which 
is  oparatad  continuously  at  the  aountain  paak.  Parallal  to  tha  lidar  tha  optical  depth 
is  aaasurad  by  a  broadband  optical  transaissoaatar  (350  to  900  nm) .  Tha  data  ara  compa- 
rad  with  those  calculated  by  integration  of  tha  lidar  extinction  profiles. 


List  of  syabols 

A  aperture  area  of  lidar  receiving  telescope,  a2 3 

B  backacattar/axtinction  ratio  (6/a) ,  sr-1 

Ba  aerosol  backscatter/extinction  ratio  (B./a.) ,  sr"1 

S  molecular  backscatter/extinction  ratio  (B w/Ov) ,  sr"1 
r)  total  backscattar  coefficient,  a"1*sr“1,  at  range  r 
BA(r)  aerosol  backscattar  coefficient,  ■"1»pr  1 
BH(r)  molecular  backscattar  coefficient,  m~1*ar~1 

6a  boundary  valua  for  fl  at  range  rn  for  Klatt  solution,  m"1*ar"1 

c  velocity  of  light,  m*s-1 

C  lidar  calibration  factor,  A-W"1  or  V»W_1 

6  optical  depth 

k  exponent  in  backscatter/extinction  relation 

p(r)  received  radiation  power  at  the  lidar  telescope  from  range  r,  Watts 
Q  transmitted  laser  pulse  energy,  Joules 

r  range ,  m 

u(r)  total  optiaal  axtinction  coefficient,  m-1,  at  range  r 
oA(r)  aerosol  axtinction  coefficient,  m"1 
aH(r)  molecular  axtinction  coefficient,  m"1 

oQ  boundary  value  for  a  at  range  rc  for  standard  solution,  m-1 

oB  boundary  value  for  a  at  range  rB  for  Klatt  solution,  m-1 

r  transmissivity 

V  visual  range,  m 

y(r)  lidar  signal  amplitude  from  ranga  r.  Amps  or  Volts. 


1.  introduotion 

Tha  lidar  is  regarded  as  an  affective  tool  for  range-resolved  remote  sensing  of  atmo¬ 
spheric  optical  parameters,  e.g.  the  extinction  coefficient  a,  which  is  related  to  the 
visual  ranga  V  by  Kosohmioder' s  formula, 

V  -  -Ln(0.02 )/a  (1) 

However,  tha  quantitative  derivation  of  those  parameters  Cram  the  lidar  signals  is  en¬ 
countered  by  some  fundamental  difficulties.  Ona  of  them  are  instabilities  which  most  in¬ 
versions  of  the  lidar  equation,  which  relates  tha  ranga-dapandant  radiation  power  recei¬ 
ved  by  the  lidar  deteator  from  range  r  to  the  optical  parameters,  exhibit  at  higher  op¬ 
tical  depths.  J.  D.  Klett  (Refs.  1,  2)  published  an  inversion  method  which  delivers 
stable  solutions,  if  >  reference  extinction  value  at  the  end  of  the  regarded  range  in¬ 
terval  is  known  or  cut  be  estimated.  The  method  is  described  in  more  detail  in  chapter 

3.  We  take  advantagi  of  the  viaual  ranga  data  recorded  continuously  at  an  observatory 
which  is  located  at  a  1800  a  MSL  mountain  top  at  7  km  horizontal  distance  from  the  in¬ 
stitute  (730  a  MSL),  to  calculate  boundary  values  for  Klett's  inversion.  The  extinction 
profiles  obtained  by  this  method  are  stable,  but  are  still  influenced  besides  by  measu¬ 
rement  errors  by  tha  particular  choice  of  the  backscatter-to-extinction  (B -a)  ratio, 
which  is  the  key  parameter  for  any  solution  of  the  lidar  equation.  It  seems  to  ba  inter¬ 
esting,  therefore,  to  verify  tha  lidar-derived  axtinction  or  optical  depth  data  by  com¬ 
parison  with  direct  transmissivity  measurements.  Such  measurements  have  bean  started 
late  in  1987.  Some  results  will  be  presented  hare. 

a .  Instrumentation 

For  tha  backscattar  measurements  a  mobile  lidar  system  is  used  containing  a  Nd : YAG  laser 
with  second  and  third  harmonic  generation  (SHG  and  TKG) ,  delivering  pulse  energies  of 
300,  125  and  60  mJ  at  1064,  532  and  355  nm  wavelength,  respectively.  The  maximum  pulse 
repetition  frequency  (1RF)  is  10  Hz.  This  laser  was  installed  in  the  system  early  in 
1989,  replacing  two  older  ruby  and  Nd:glass  lasers.  The  baoksoattered  radiation  is 
collected  by  a  30  cm  Cassegrain  telescope  and  detected  by  a  bialkali  photomultiplier 
(532  and  355  nm)  or  a  PIH  diode  detector  (1064  nm) .  The  deteator  f  ield-of-view  is  10 
mrad  with  the  PIK  diode  and  4  mrad  with  the  photomultiplier.  The  amplified  signals  are 
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digitised  by  a  12-bit,  10-MHz  transient  raoordar  and  transferred  to  a  personal  computar . 
Racantly  a  fast  hardware  avaragar  with  24  bit  memory  haa  baan  purchaaad  allowing  aignal 
avaraging  at  tha  full  10  Hz  PRF. 

Tha  viaual  rang#  ia  racordad  at  tha  mountain  obsurvatory  aa  wall  aa  in  tha  valley  at  400 
a  distance  fro*  tha  lidar  aita  by  commercial  AEG-Ruppersbarg  viaibility  maters.  In  thaaa 
instruments  tha  ocattarad  light  from  a  flaahlamp  which  ia  ignitad  avary  10  aaconda  ia 
maaaurad  by  a  photodiode  detector.  For  normalization  a  aacond  detector  measures  the 
light  intenaity  of  tha  flaahlamp  itaalf.  Tha  range  of  scattering  angles  is  10  to  130*, 
thua  rendering  data  quite  independent  of  tha  size  distribution  of  the  aerosol  particles. 
For  calibration  a  light-scattering  opal  glass  plate  can  be  introduced  into  the  beam  of 
tha  flaahlamp,  giving  a  scattering  aignal  which  haa  baan  determined  by  eye  observation 
to  be  equal  to  230  m  viaual  range.  Tha  measurement  range  of  the  instrument  ia  50  m  to  40 
km. 

The  optical  transmissivity  of  tha  path  between  institute  and  mountain  observatory  ia 
measured  by  a  broad-band  Barnes  tranamiaaomater.  Tha  light  source,  consisting  of  a  150 
watts  halogen  lamp,  a  1  kHz  ohoppar  and  an  off-axis  collimator  with  12  cm  aperture  dia¬ 
meter  and  65  cm  focal  length,  ia  installed  at  the  mountain  peak.  The  ahopped  radiation 
ia  transmitted  to  tha  institute  and  maaaurad  by  a  detektor  containing  an  11  cm  die.  Cas¬ 
segrain  telescope,  a  350  to  900  nm  optical  filter  and  a  Si  diode  radiation  sensor.  The 
deteotor-FOV  ia  2.5  nrad.  The  signals  are  amplified  by  a  lock-in  amplifier.  The  chopper 
frequency  of  the  source  ia  telemetered  to  tha  detection  site  and  fed  to  the  reference 
input  of  tho  lock-in.  The  system  is  calibrated  by  measurements  during  extreme  atmosphe¬ 
ric  alaarneaa.  The  maximum  measurable  optical  depth  at  a  pathlength  of  7.07  km  la  at 
least  6 .  The  analog  signals  are  digitized  by  a  home-made  digitizer  and  transferred  to  a 
personal  computar.  The  digitizer  incorporates  an  automatic,  computer-controlled  gain 
switch. 

3 .  Data  evaluation 

The  backacattered  power  p(r)  collected  by  tha  lidar  telescope  from  range  r  as  function 
of  tha  atmoepharia  scattering  parameters  ia  described  by  the  so-called  lidar  equation, 
whiah  reads  in  its  most  widely  uaing  form,  neglecting  dose-range  geometric  attenuation, 
multiple  scattering  and  effaats  due  to  finite  laser  pulse  length: 


P(r) 


-•A*Q*r~2*fl(r) *exp 
2 


(2) 


with  c  denoting  velocity  of  light,  Q  the  laser  pulse  energy,  K  the  telescope  aperture 
area  and  B  and  a  tha  backsoatter-  and  extinction  coefficients,  respectively.  1C  ths 
electrical  signal  delivarsd  by  tha  datactor  is  proportional  to  p(r) ,  this  equation  oan 
be  expressed  in  terms  of  ths  signal  amplitude  y(r): 

y(r)  -  c-p(r)  (3) 

with  C  -  lidar  calibration  constant.  In  Eq.  (2)  two  unknowns  occur,  B(r)  and  <r(r),  which 
cannot  be  indspendently  invarted  from  the  measured  return  signals  p(r).  Therefore,  a  re¬ 
lationship  between  B  and  a  must  be  known  or  assumed.  In  practice  this  relation  depends 
on  the  nature,  i.e.  size  distribution,  refractive  index  and  shape  of  the  scattering  par¬ 
ticles  (see  Ref.  3) .  If  an  exponential  relation  of  the  form 

fl(r)  -  B-cr(r)k  (4) 

with  B  and  k  -  const,  is  assumed,  which  includes  tha  simple  proportionality  with  k'  »  1, 
Eq.  (3)  is  known  to  hava  tha  following  analytical  solution: 


a.,  ths  sxtination  cosfficient  at  ths  rafsrenca  ranga  rQ,  usually  chosan  as  closs  to  tha 
lidar  aita  aa  possible,  is  ths  rofsrsncs  or  boundary  value.  It  can  bs  derived  from  the 
lidar  signal  y(r)  itself,  if  ths  system  is  calibrated,  i.e.  if  the  constant  C  is  known, 
and  if  the  constants  B  and  k  in  Eq.  (4)  are  known.  The  expression  (5)  becomes  unstable 
with  increasing  optical  depth  because  the  denominator  then  becomes  a  small  difference  of 
two  increasingly  large  numbers.  Evan  small  maasurement  errors  or  errors  in  ths  choice  of 
than  have  a  large  influence  on  ths  calculated  extinction  coefficient  o(r).  Klstt 
1)  avoided  these  instabilities  by  choosing  the  ref arenas  value  at  the  remote  and 
r,,  instead  of  the  close  and  rQ  of  the  range  interval,  thus  inverting  tha  lidar  equation 
in  tha  baokward  direction: 


a  may 
(Ref. 
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a(r) 


<«> 


In  this  aquation  tha  difference  in  tha  denominator  of  Eq.  (5)  is  raplaoad  by  a  sum,  and 
tha  instabilitias  ara  aliainatad.  Furtharmora,  in  contrary  to  Eq.  (5),  tha  influanaa  of 
tha  boundary  valua  upon  tha  raaulting  a  dacraasas  with  incraasing  optical  dapth,  sines 
than  tha  ssoond  term  in  tha  danoainator  of  Eq.  (6)  bsconaa  larqa  compared  to  tha  first 
ona.  Both  Kqs.  (5)  and  (6)  ara  usad  hara  in  a  slightly  diffarant  notation  than  in 
Klatt's  papar.  It  bacoass  aora  siapla  in  tha  frequently  usad  oasa  k  -  1. 

Tha  rsaota  axtinotion  coaffioiant  is  ganarally  aora  difficult  to  obtain  than  that  at 
oloaa  ranga.  Espacially  is  oannot  ba  darivad  froa  tha  lidar  signal  itsalf.  Wa  hava  tha 
opportunity  to  usa  axpariaantal  axtinotion  ooafficianta  as  boundary  values,  darivad  froa 
visibility  data  obtainad  at  tha  Mountain  obssrvatory.  Hovavar,  avan  with  idaal  arrorlass 
rafaranca  valuas  tha  solution  still  dapands  on  tha  fl-c  relation.  For  example,  Eq.  (4)  is 
da finitely  not  fulfilled  in  clear  ataospheree  where  aolaoular  scattering  oannot  ba  neg¬ 
lected  against  aerosol  scattering.  For  this  oasa  Klett  (Ref.  2)  published  an  extension 
of  his  inversion  algoritha.  However,  tha  exponent  k  in  (4)  aust  than  ba  sat  to  unity  and 
tha  constant  B  ba  known.  Tha  Modified  expression  for  tha  total  extinction  coefficient  a 

"  °A  +  °M  r*ada: 


y(r)  »r*  *axp 


[><*>] 


»(r) 


y(rB)  *v  -Ba/®*  +  a‘ 


-  <Vba  - 


(7) 


Jr 


"y(x)  'X*  •exp^I„(x)J  *dx 


with  Ba  -  BA/aA,  Bm  -  Bm/oh  -  3/8r  and  IM(r)  -  2- (1/ba  -  1/B,,)  ■ 


BM(x).dx 


In  this  axpressicn,  besides  that  of  B»,  tha  knowledge  of  the  meolecular  scattering  coef¬ 
ficient  Ow(r)  is  additionally  required.  If  tha  ataospharic  density  variations  along  the 
lidar  path  ara  not  too  large,  thoy  can  ba  calculated  from  a  standard  atmosphere  or  avan, 
as  in  our  casa,  by  linear  interpolation  between  two  known  values  at  the  ends  of  the 
range  interval  (ata.  pressure  and  teaparatura  are  recorded  at  both  sites).  For  molecular 
scattaring  becoming  sisal  1  compared  to  aarosol  scattering,  i.a.  Bj,  ■+  0  and  -»  0, 
exp[IH(r)]  becomes  unity,  the  factor  BA  cancels  out  and  Eq.  (6)  is  recovered  with  k  -  1. 

In  addition  to  the  external  parameters  just  mentioned,  none  arror  sources  aay  influence 
tha  calculated  extinction  profiles.  Ona  of  than  ara  aeasurament  errors.  For  example,  the 
first  terms  in  tha  denominators  of  Eqs.  (6)  and  (7)  are  equally  influenced  by  errors  in 
the  signal  amplitudes  at  tha  rafarenoa  range  rM,  yjrB) ,  and  by  errors  in  the  reference 
valuas  o_.  Due  to  the  geometric  attenuation  term  r  2  in  tha  lidar  aquation  (2)  or  (3), 
the  amplitudes  at  tha  remote  end  of  the  interval  may  become  small  and  tha  errors  large 
avan  with  low  axtinotion  losses  along  the  lidar  path.  Finally  the  single  scattering  li¬ 
dar  equation  (2)  itsalf  may  become  invalid  if  the  tha  optical  depth  in  sufficiently 
large  and  multiple  scattering  no  longer  negligible.  Due  to  tha  extreme  mathematioal  com¬ 
plexity  of  multiple  scattering,  most  authors  neglect  it  avan  in  cases  where  this  is  in 
principle  not  allowed.  Up  to  now  wa  also  used  tha  expressions  (6)  and  (7),  based  on  the 
single  scattering  lidar  aquation,  up  to  optical  depths  of  1  and  more.  Erroneous  extinc¬ 
tion  data  can  than  no  longer  be  excluded. 

For  these  reasons  comparative  lidar  and  tranasmissoaatar  measurements  seem  to  ba  inter¬ 
esting  and  desirable. 

4.  Measurements  aad  results 

Verification  aeasureaents  for  Klatt's  method  are  only  meaningful  if  tha  aerosol  is  in- 
homogeneously  distributed  along  tha  lidar  path.  Under  homogeneous  conditions  tha  evalua¬ 
tion  of  the  return  signals  is  trivial,  since  the  extinction  coefficient  can  then  be  de¬ 
rived  froa  the  slope  of  the  logarithmic  range-normalised  profiles  (slope  method).  Measu¬ 
rements  under  homogeneous  conditions,  however,  are  useful  for  a  check  of  the  calibration 
status  of  trsnsmisaometer  and  visibility  meters.  Inhomogeneous  conditions  occur  especi¬ 
ally  in  the  winter  half-year,  when  tha  top  of  tha  planetary  boundary  layer  remains  below 
the  level  of  our  mountain  observatory.  The  catebatio  wind  system  frequently  occurring 
under  fine  weather  conditions  in  mountain  vallays  which  ara  open  to  the  plains  outside, 
gives  then  rise  to  additional  strong  diurnal  aeroaol  variations.  During  nighttime  the 
wind  blows  downhill  end  transports  clear  air  from  highar  altitudes  into  the  valloy, 
where  the  institute  is  located  and  which  im  in  our  casa  oriented  approximately  from  ssw 
to  NME.  in  the  forenoon  the  wind  direction  usually  reverses,  and  polluted  air  from  the 
industrialised  region  in  the  north  outside  the  mountains  is  advsotsd  in  a  ground-based 
layer  with  increasing  vertical  extent,  until  tha  wind  reverses  again  in  tha  evening  and 
a  new  cycle  ia  started.  Within  tha  daytime  aeroaol  layer  frequently  quite  low  visual 
rangaa,  sometimes  even  fog,  ere  observed. 
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A  measurement  series  during  auoh  atmospheric  oonditiona  was  performed,  for  example,  on 
January  19  and  SO,  1969.  Tha  diagram  Fig.  1  ahowe  tho  viaual  ranga  measured  at  730  a 
HSL,  during  tha  48-hour  pariod  from  Jan.  19  to  20.  Fig.  2  illuatrataa  tha  couraa  of 
w.lndspeed  and  wind  diraotion  during  tha  same  pariod.  Both  viaual  ranga  and  wind  data  ara 
measured  at  an  unmanned  atation  at  400  n  diatanoa  from  tha  tranemissoaeter  path.  In  tha 
aarly  morning  houra  of  Jan.  19  tha  visibility  is  still  inoraasing  dua  to  advaction  of 
claar  air  by  tha  downhill  bloving  wind.  With  tha  wind  ravoraal  at  about  7  AM  tha  visibi¬ 
lity  bagins  to  daoraeoa  until  5  PM,  with  an  intarruption  batwaan  10  and  12  AM,  whan  tarn- 
porarily  tha  wind  was  blowing  again  downhill.  Aftar  5  PM  (17:00  CET)  tha  viaibility  in- 
craasas,  again  intarruptad  by  a  pariod  with  ground  fog  and  vary  high  extinction  from  10 
PM  (22:00  CET)  on  January  19  and  7  AM  on  January  20.  On  thia  day  tha  ravarsal  of  tha 
wind  diraotion  was  obviously  suppraasad,  as  indioatad  in  Fig.  2,  by  a  suparposad 
southwastarly  gaoatrophioal  foahn  wind.  So  tha  naar-ground  air  ramainad  claar  except  a 
faw  interruptions.  Tha  1800  m  atation  ramainad  within  tha  olaar  air  above  tha  boundary 
layar  throughout  this  pariod,  and  thus  tha  visual  ranges  at  this  altitude  ramainad 
beyond  tha  40  km  measuring  ranga  of  tha  visibility  metar. 

Tha  maasurad  transaissivitiaa  r  ara  shown  in  Fig.  3.  Tha  transmissometer  was  running 
only  during  a  part  of  tho  time  pariod,  but  on  order  to  make  comparisons  easier  tha  same 
time  scale  was  ohosan  than  in  tha  previous  diagrams.  Tha  data  show  in  general  a  similar 
behavior  than  tha  ground  viaual  rangas,  Fig.  1.  Oaaaaional  differences,  «i.g.  tha  peak  in 
tho  visibility  bstwssn  9:30  and  12:00  on  Jan.  19  which  doas  not  show  up  in  tha  r  ourvs, 
nay  ba  attributsd  to  tha  spatial  diatanca  batwaan  tranamieaometer  path  and  location  of 
tha  visibility  astsr. 


Lidar  maasursmsnts  wara  psrformsd  in  tha  wavalangths  1064  and  532  nm.  For  this  compari¬ 
son,  nowever,  only  tha  data  in  tha  vavalangth  532  nm,  which  is  close  to  tha  canter  of 
tha  viaibla  ranga,  ara  considered.  For  laaar  safety  reasons  tha  lidar  cannot  ba  pointed 
directly  to  tha  mountain  obaarvatory  aits.  Tharafora,  an  elevation  angle  of  11  instead 
of  8.1  degrees  was  chosen,  and  a  slightly  diffarant  azimuth  angle.  Tha  laaar  beam  thus 
passed  accessible  terrain  at  least  in  a  distanca  of  300  m.  Tha  rafaranca  ranga  for  tha 
Klatt  inversion,  r_,  was  sat,  therefore,  to  5.3  instead  of  7.07  km,  resulting  in  an  al¬ 
titude  equal  to  that  of  tho  observatory.  Tha  resulting  horizontal  difference  of  both 
points  is  2  km,  but  it  was  raasonabla  to  asauma  that  tha  horizontal  homoganiaty  of  tha 
atmoaphara  waa  aufficiant  for  neglecting  any  differences  of  tha  scattering  coefficients, 
Since  at  least  partially  tha  molaoular  scattering  could  not  bo  neglootad  against  aerosol 
scattering,  tha  lidar  returns  ware  evaluated  by  tha  extended  Xlatt  method,  Eg.  (7) ,  as¬ 


suming  B» 
also  used. 


0.022.  For  comparison,  however,  the  "standard"  Klatt  formula,  Eg.  (6),  was 


Since  tha  viaual  ranga  V  at  1800  m  MSI,  axcaadad  tha  40  km  measuring  rungs  of  tha  nephe- 
lometars,  an  estimated  value  V  -  100  km  was  used.  The  example  Fig.  4  shows  a  range-nor¬ 
malized  lidar  return  from  Jaruary  19,  17:42  CET.  Tha  naar-ground  aaroaol  layar  with  an 
uppar  boundary  at  range  1.8  km  (340  a  above  ground  level)  alaarly  shows  up.  Tha  text 
block  at  tho  left  aide  of  tha  diagraa  contains  all  important  measurement  and 
houaskaaping  data.  It  is  created  automatically  by  tha  computer  program  axcapt  tho  last 
line,  which  is  a  manually  typed-in  comment.  Tha  curvea  denoted  by  "mig"  in  Fige.  5  and  6 
present  profiles  of  the  extinction  coefficient,  calculated  from  the  signal  Fig.  4  by  tha 
extended  and  standard  Klatt  method,  Eq.  (7)  and  (6),  respectively.  Tha  continuously 
ascending  "dal"  aurvae  ara  tha  integrals  of  the  extinction  coefficients,  i.s.  the  opti¬ 
cal  depths  A'.  In  order  to  gat  A  valued  comparable  to  tha  transmlsaomatar  data,  tha  cur¬ 
ves  must  ba  extrapolated  to  ranga  zero  dua  the  geometric  compression  of  tho  lidar  si¬ 
gnals  in  ths  ,'lose  ranga,  and  multiplied  by  tha  path  length  correction  factor  7.07/5,3  - 
1.334. 


All  lidar  returns  from  ths  psriod  Jan.  19/20  wara  evaluated.  However,  they  cannot  be 
presented  completely  in  this  papsr  (for  ths  future  a  thrsa-dimanaional  plot  is  plannad) . 
only  four  axtinotion  profiles  calculated  using  Eg.  (7)  are  shown  in  Figs.  7  to  10  to  il¬ 
lustrate  tha  time  behavior  of  the  aaroaol  situation.  Ths  abscissas  present  tha  extinc¬ 
tion  coefficients  in  units  km-1,  ths  ordinates  tha  altitudes  above  ground.  Figs.  7  and 
10  show  tha  olaar,  nearly  aaroaol-fraa  atmoaphara  before  (Jan.  19,  11:42  CET)  and  after 
(Jan.  20,  08:10  CET)  the  influx  of  tho  aaroaol  layar,  Fige.  8  and  9  this  layar  at  11:57 
and  18:03  CET  on  Jan.  19.  Tha  noiaa  in  tha  uppar  parte  of  soma  of  tha  profiles  is  caused 
by  tha  skylight  background  during  daytime.  Tha  measurements  wars  dona  bafora  tha  instal¬ 
lation  of  ths  averager,  and  thus  only  16  single  shots  wara  avoragod.  In  tho  meantime  ty¬ 
pically  200  shots  can  ba  averaged  within  30  seconds,  and  a  considerably  batter  S/N  ratio 
obtainad  also  during  daytime. 

Tha  optical  depths  measured  by  transmissomstsr  and  lidar  are  presented  in  Fig.  11  for 
tha  total  pariod  and  in  Figs.  12,  13  and  14  for  three  partial  pariods  in  a  stretched 
time  scale.  From  the  curvea  it  bscomaa  immediately  olaar  that  tha  standard  Klatt  method 
results  throughout  in  too  small  A's.  Tha  optical  depths  calculated  by  Eq.  (7)  generally 
agree  much  attar  with  tha  transmissomatar  data,  but  deviations  are  still  observed  in 
soma  oases.  The  largest  deviations  occur  during  tha  fog  pariod  from  16  and  19  PM  on  Jan. 
19  and  are  than  certainly  dua  to  local  aerosol  inhomogsnsitiss.  In  tha  other  cases  they 
may  ba  caused  a)  by  wrong  signal  amplitudaa  at  range  rB  due  to  noise,  b)  by  erroneous 
boundary  values  since  estimated  data  are  available,  c)  by  errors  in  ths  choice  of  BA  or 
ganarally  non-proportionality  batwaan  B.  and  ch,  and  finally  d)  by  the  naglection  cf 
multiple  scattering.  Tha  nd  i  in  tha  signal  amplitudes  at  tho  reference  point  has  al¬ 
ready  bean  reduced  by  spatia  averaging  in  addition  to  temporal  averaging  (averaging  of 
mora  shots)  but  ths  possibilities  of  spatial  averaging  are  limited  to  about  20  data 
points  maximum  around  rn.  Ths  influence  of  tha  boundary  values  upon  the  calculated  A 's 
is  too  small  (one  of  the  benefits  of  Klett's  method)  for  an  explanation  of  ths  diacre- 
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?  ancles.  They  can  b*  removed,  however,  by  a  propoar  choice  of  B A,  for  axaapla  B,  -  ,012 
nstaad  of  .022  in  tha  mausurement  at  18:27  CET  on  Jen.  19. 

It  ia  poaaibla,  finally,  to  "align"  tha  extinction  profilaa  obtained  by  Klatt'a  standard 
■athod  by  ahooning  a  auitabla  exponent  X  different  froa  unity.  In  our  caae,  k  -  ,6  would 
give  good  reaulta.  However,  this  nethod  is  not  justified  physically,  and  looks,  there¬ 
fore,  somewhat  artificial. 

The  Boat  severe  error  source,  finally,  is  tha  influence  of  multiple  scattering.  It  re¬ 
sults  in  apparently  reduced  extinction  coefficients  and  influences  both  transmissivity 
and  lidar  backacattar  measurements.  Since  its  matheBatical  treataant  ia  extremely  com¬ 
plex,  we  neglected  it  in  our  coaputationa  so  far,  although  this  is  not  justified  in 
those  cases  were  the  optical  depth  approaches  values  of  one  and  aore.  An  easily  appli¬ 
cable  inversion  algoritha  for  a  multiple  scattering  lidar  equation  does  not  exist  yet, 
but  soma  authors,  e.g.  L.  C.  Bissonette  froa  DRXV,  Courcelette,  Quebec,  Canada,  publi¬ 
shed  aethods  for  calculation  of  backsoatter  signatures  froa  given  distributions  of  scat¬ 
tering  coefficients  (Ref.  4) .  In  the  future  we  will  calculate  theoretical  return  signals 
by  Bissonette 's  TFMSCAT  algoritha  from  tha  extinction  profilaa  obtained  using  the  single 
scattering  lidar  equation  and  Klatt'a  method.  By  comparison  with  tha  original  measured 
signals  it  should  then  be  possible  to  estimate  the  error  resulting  froa  the  neglection 
of  multiple  scattering. 

on  March  30  and  July  13,  1989,  the  aerosol  was  at  tinea  quite  homogeneously  distributed 
along  the  slant  path,  especially  in  the  afternoon  and  during  the  maximum  vertical  mixing 
activity.  Logarithmic  range-corrected  lidar  returns  were  quite  exactly  linear,  as  shown 
in  the  examples  Figs.  15  and  16,  and  extinction  coefficients  could  be  derived  from  them 
by  the  slope  nethod.  These  extinction  data  are  correlated  with  those  obtained  by  the 
transmissoneter  in  the  diagram  Fig.  17.  The  agresment  ia  sufficient,  especially  no  sy¬ 
stematic  deviation  ia  observed.  The  calibration  of  the  transmisaoneter  may  be  regarded, 
therefore,  as  correat.  On  July  13  the  visibility  was  within  tha  range  of  the  visibility 
meter.  The  extinction  coefficient  derived  from  the  lidar  returns  by  tha  slope  method 
turned  out  be  .64  smaller  than  that  calculated  from  tha  measured  visual  range  by  Eq. 
(1).  obviously  the  visibility  meter  ia  not  calibrated  correctly. 

The  diagrams  Fig.  18  presents  optiaal  depths  obtained  during  arosol  conditions  charac¬ 
terised  by  comparably  high  extinction  coefficients  within  the  total  altitude  range  co¬ 
vered  my  the  measuring  path.  The  visual  range  thus  remained  within  the  range  if  the  ne- 
phelomaters  also  at  IROO  m  HSL.  The  lidar  data  were  evaluated  by  Klett's  standard  method 
using  tha  unaorrected  extinction  coefficients  from  1800  m  HUL  as  reference  values.  The 
diagram  now  clearly  shows,  in  addition  to  some  random  errors,  an  average  systematic  de¬ 
viation  between  tha  lidar  and  transmissometer  optical  depths,  the  former  being  di¬ 
stinctly  larqer .  The  deviations  are  eliminated,  if  the  corrected  extinction  coefficients 
are  used  as  reference  values  (Fig.  19).  The  remaining  random  deviations  may  be  attribu¬ 
ted  to  the  error  sources  mentioned  above. 

5.  Preliminary  conclusions 

From  tha  data  available  so  far  it  may  be  concluded  that  sufficient  agreement  can  be 
expected  between  lidar-  and  transmissometer-derived  optioal  depths  in  many  cases,  if 
Klett's  stable  inversion  method  is  applied  using  correct  boundary  extinction  values  at 
the  far  end  of  the  range  interval  and  if  the  lidar  returns  itself  from  that  point  are 
alao  sufficiently  acaurate.  In  other  cases,  however,  discrepancies  are  observed  which 
may  be  attributed,  besides  to  measurement  errors  and  multiple  scattering  effects,  to  the 
still  variable  parameter  in  Klett's  inversion,  namely  the  baokscatter/extinction 
function  or  ratio.  Further  measurements  are  required  in  order  to  find  the  best  choice 
for  these  parameters. 
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Fig.  4:  Range-corrected  lidar  return  signal  in  532  run  from  January  19,  1989,  17:42  CET 


Fig.  5:  Extinction  coefficient  profile  ("sig")  and  optical  depth  ("del"),  calculated 
fro*  the  lidar  signal  Fig.  4  by  the  extended  Klett  method,  Eg.  (7) ,  with  reference  value 
aa  -  0.04/tam 


Fig.  6:  Extinction  coefficient  profile  ("sig")  and  optical  depth  ("del"),  calculated 
froa  the  lidar  signal  Fig.  4  by  the  standard  Klett  method,  Eq.  (6)  ,  with  reference  value 
om  -  0.04/ka 
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Fig.  19>  Comparison  of  optical  depths 
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I.  SKKTTLR 

Th«  results  of  ths  Klstt  Method  are  soseuhat  sensitive  to  the  choice  of  the  extinction 
coefficient  at  the  aaxiaua  range.  This  is  particular?  true  for  saaller  optical  depths 
(<  1)  where  the  Klett  solution  does  not  have  sufficient  range  to  converge  to  the  correct 
solution.  How  did  you  choose  this  extinction  coefficient  and  how  sensitive  are  your 
results  to  this  choice? 

AUTHOR'S  RRPLT 

Generally,  we  calculate  the  extinction  coefficient  at  the  reference  range  from  the 
manured  visual  range  data  at  that  point.  In  the  particular  case  presented  here,  the 
visual  range  at  ths  sountain  station  was  beyond  the  aeasuring  range  of  the  nepheloaeter 
and  was  thus  estimated  to  about  100  lea.  The  sensitivity  of  the  Klett  extinction  pro¬ 
files  to  the  choice  of  the  boundary  value  is  not  sufficient  in  this  case  to  explain  the 
deviations  observed  in  soae  cases. 

R.  BLORAMTA 

How  did  you  select  values  of  p(180)/4ir  for  aerosols? 

AUTHOR'S  RRPLT 

For  the  aoasureaents  presented  here  we  have  chosen  /}.  ~  p(iB0)/4ir(-  p/a)  equal  to  0.022, 
a  value  found  in  the  literature.  The  0A  values  can  be  used  to  bring  the  lidar-derived  S 
values  closer  to  the  tranaissosetsr  is.  The  best  choice  for  should  be  found  from 
further  aeasureaants . 
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SUMMARY 

Vertical  profllea  of  aataorologlcal  parameters  are  uaed  with  the  LOWTRAN  6^  ataoepherlc 
tranaalttance/radlance  coaputer  code  to  nodal  eeaiureeentr  of  near  horlton  Infrared  radiances. 
It  la  shown  that  calculations  with  the  Navy  Maritime  Aaroaol  Model  can  exactly  reproduce  the 
aeaeured  horlton  pixel  radiance  uaing  non-unique  coabinatlona  of  air  aaaa  factor*  and  surface 
visibilities.  This  feature  Is  the  result  of  the  visibility  scaling  factor  of  the  site  distribu¬ 
tion  regaining  nearly  constant  for  any  appropriate  combination  of  the  two  factors,  and  the 
relative  Insensitivity  of  the  calculated  extinction  coefficients  for  the  far  infrared 
wavelengths  to  the  air  aass  factor  tern.  Using  measurements  taken  on  two  consecutive  days 
during  low  wind  speed  conditions,  It  is  shown  that  any  appropriate  combination  of  the  two  fac¬ 
tors  will  allow  the  calculated  and  measured  radiances  at  other  angles  above  the  horizon  to 
differ  lees  than  2t.  These  agreeaMnts  place  confidence  in  using  the  selected  aerosol  model  In 
transmittance  calculations  for  tha  far  infrared  wavelength  bands  over  other  propagation  paths. 


INTRODUCTION 

In  tha  absence  of  size  distribution  measurements,  we  must  presently  rely  on  the  models  in 
the  LOWTRAN  6*  coda  to  calculate  tha  effects  of  aerosols  on  Infrared  (IR)  atmospheric  tranurait- 
tancas  and  background  radiances  using  measured  meteorological  parameters  as  inputs.  These 
aerosol  models  were  developed  to  be  as  representative  as  possible  of  different  atmospheric  con¬ 
ditions.  However,  they  cannot  be  expected  to  exactly  reproduce  tha  optical  properties  In  a 
given  location  at  any  specific  time.  A  mot hod  la  needed  for  selecting  tha  Input  parameters  so 
that  ths  model  bast  represents  a  particular  situation.  Of  particular  interest  to  Navy  applica¬ 
tions,  Is  the  Navy  Maritime  Aerosol  Model  for  use  in  electro-optical  systems  performance 
prediction  codes.  This  modal  (sea  Appendix)  Is  the  sum  of  three  log  normal  sirs  distributions, 
and,  In  addition  to  the  surface  wind  speeds  (current  and  24-hour  averaged)  and  relative 
humidity,  require*  the  Input  of  an  air  mass  factor  which  identifies  the  origin  of  the  aerosols 
as  althor  marine  or  continental  which  Is  allowed  to  range  between  Integer  values  of  1  for  open 
ocean  condlclona  and  10  for  coaatal  raglona,  Also,  whan  an  obaarvad  aurfacs  visibility  Is 
available  ee  an  input,  ths  model  la  adjusted  so  that  tha  visibility  calculated  at  a  wavelength 

of  0.55  pm  le  the  same  as  ths  obssrvtd  valus,  Ths  accuracy  to  which  this  modal  can  predict  at- 

aoepherlc  transmission  or  radlanca  for  a  given  wavelength  band  is  sensitive  to  ths  selection  of 
the  epproprlate  visibility  and  air  mass  factor  .  Ths  air  mass  factor  may  bo  determined  by 
either  the  measurement  of  atmospheric  radon  or  by  an  air  mass  trajectory  analysis  to  determine 
the  time  tha  air  mass  ha*  been  over  land.  The  second  option  le  extremely  difficult,  and  re¬ 
quires  a  large  date  set  of  synoptic  flow  patterns.  Neither  of  thass  techniques  are  presently 
available  for  shipboard  uaa.  Also,  radlanca  contrast  measurement*  between  ths  sky  background 
and  objects  at  known  distances  In  tha  open  ocean  are  rarely  available,  and  visibilities  Inferred 
from  point  scattering  measurements  onboard  ship  are  moat  apt  to  bs  contaminated  by  ship  ef¬ 
fluences.  In  thia  papur,  a  remote  sunsing  technique  Is  presented  whereby  an  appropriate  aerosol 

six*  distribution  model  can  be  selected  which  Is  applicable  to  transmittance  and  radiance  cal- 

I  culstlona  in  the  far  infrared  wavelength  bands,  In  this  method,  nonunique  combinations  of  the 

air  mass  factor  and  visibility  for  different  aataorologlcal  conditions  are  Inferred  from  LOWTRAN 
6  calculations  which  allow  agreement  with  measurements  of  8-12  pm  horizon  radiances. 

i 

MEASUREMENTS 


For  this  study,  a  Piper  Navajo  aircraft,  equipped  with  Roiamcunt  temperature  and  pressure 
probes,  and  an  EC&C  dewpoint  sensor,  made  vertical  spirals  over  tha  oesan  to  obtain  ths  profile 
of  temperature,  relative  humidity  and  oraasure  which  era  required  inputs  to  tha  LOWTRAN  6  cob- 
1  puter  code  for  calculating  the  sky  radiances.  The  vertical  profiles  of  temperature  and  relative 

humidity,  measured  at  1450  PST  on  9  November  end  1424  PST  10  November  1908  off  the  coast  of  San 
,  Dlsgo,  California,  are  shown  In  Flguraa  1  and  2,  respectively .  Tha  currant  and  24  h  averaged 

1  wind  speeds  (Vo  -  3.7  m/a  and  V  -  2.1  m/s  for  9  Novomber,  and  V  -  4.8  m/s  and  ^7  —  2.8  m/w  for 

j  10  November)  measured  on  shore  during  both  days  vsra  from  a  westerly  direction.  At  the  time  the 

meteorological  parameters  wars  obtained,  meesuremanta  of  IR  (8  to  12  pn)  horizon  radiances  ware 
I  ,  also  mads  with  a  calibrated  thermal  imaging  system  (ACA  THERMOVISION,  model  780)  using  a  2.95* 

1  field  of  view  lane.  Fcr  these  measurements  the  scanner  was  located  at  an  elevation  of  33  a  on 

(  j  tha  Point  Lome  peninsula  in  San  Diego  and  vas  directed  over  ths  ocean  in  a  southerly  direction. 

The  response  of  the  system  is  determined  by  placing  a  blackbody  of  known  temperature  (  ±0.1*0 
for  taaparaturai  <50*C)  In  front  of  tha  lens  aperture.  The  digitized  video  elgnel  transfer 
1  function  of  the  eystem  then  allows  the  blackbody  temperature  to  be  reproduced  to  within  ±0.2*0 

The  date  proceeslng  eoftwere  of  the  AGA  system  also  allows  the  thermal  scene  to  bs  displayed  on 
*  computer  terminal  In  e  format  consisting  of  128  pixels  (O.Q23*/plx#l) .  Tha  effective  black¬ 
body  temperature  corresponding  to  each  pixel  can  then  be  displayed  on  the  screen  by  positioning 
a  cursor  at  the  appropriate  position. 
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CALCULATION  OF  BACKGROUND  RADIANCE  SCENES 

These  measurements  can  ba  modeled  with  LOUTR/M  6  calculation*  to  aid  In  selecting  an  ap¬ 
propriate  aeroaol  model  for  radiance  calculations  on  each  day.  In  these  calculation*  the 
meteorological  profile*  were  divided  Into  33  layers  as  allowed  by  LOUTRAN  6.  The  lower  layers 
of  the  profiles  are  also  divided  into  sublayers  containing  the  saaa  amount  of  absorbing  and 
scattering  material  and  the  temperature  as  chg  original  layer.  This  artificial  layering  has 
bean  found  necessary  to  remove  ths  anomalous  dip*  which  occurs  when  aerosols  are  included  in 
the  LOUTRAN  6  radiance  calculations  for  zenith  angles  close  to  90*.  As  the  ASA  scanner  could 
not  ba  accurately  plumbed,  the  zenith  angle  of  the  infrared  horizon  (the  pixel  corresponding  to 
ths  maximum  radiance)  in  each  thermogram  was  taken  to  be  one-half  of  a  pixel  less  than  the  angle 
(8  -  90.177*  on  9  November  and  f  -  90.175*  on  10  November)  for  which  the  LOUTRAN  calculations 
indicated  the  refracted  ray  path  first  struck  the  earth.  Using  these  zenith  angles  with  the 
measured  profiles  of  meteorological  parameters,  the  visibility  required  to  match  the  measured 
horizon  pixel  radiance,  for  each  Integer  value  of  air  mass  factor,  muat  be  determined  by  itera¬ 
tion  from  several  dlffarent  LOUTRAN  calculations.  Tha  locus  of  points  which  Allow  ths  LOUTRAN 
calculations  to  exactly  match  the  measured  horizon  pixel  radiances  (3.27  aU/crn7  ar  on  9  November 
and  3.281  aU/cm  sr  on  10  Novtabar)  with  nonuniqu*  combinations  of  air  mass  factor  and 
visibility  are  shown  in  Figure  3  for  the  two  days,  This  feature  la  the  reauit  of  tha  visibility 
scaling  factor  (saa  Appendix)  of  tha  size  distribution  remaining  naarly  constant  for  any  ap¬ 
propriate  combination  of  tha  two  factors,  and  the  relative  insensitivity  of  the  calculated 
extinction  coefficients  for  tha  far  infrared  vsvslangths  to  the  air  mass  factor  tarm  (AM)  as 
shown  in  Figure  4.  Any  Appropriate  combination  of  the  two  fectora  will  allow  tha  radiances  cal¬ 
culated  at  other  angles  above  the  horizon  to  be  nearly  identical  as  scan  in  Figures  5  and  6. 
Using  widely  different  coablnations  of  air  mass  factors  and  visibilities  as  shown  in  ths 
figures,  tha  calculated  and  measured  velues  for  9  November  differ  by  lest  than  2%  over  an  eleva¬ 
tion  angle  of  approximately  1*.  These  rsdianca  differences  corrsspond  to  equivalent  blackbody 
temperature  differences  of  less  Chan  0.7  *C  near  the  elevation  angles  of  0.4*  end  0.6*.  On  10 
November  the  calculated  and  measured  radiances  with  elevation  ure  in  excellent  agreement  below 
0.8’  elevation  angle.  Above  that  angle,  tha  rsdlsnca  differences  amount  to  lass  than  0.5  ‘C  in 
equivalent  blackbody  temperature. 

Tha  variations  In  calculatsd  transmittance*  (r)  to  ths  Infrarad  horizons  (R})or  ■  19.491  km 
on  9  November  and  R.  -  18.073  km  on  10  November),  corresponding  to  the  zenith  angles  where  the 
refracted  ray  path  first  hit  tha  aarch,  are  shown  in  Figure  7  for  the  dlffarent  combinations  of 
air  mass  factor  (AM)  and  required  visibility.  Ths  resulting  axtinctlon  cosfficlsnt  (determined 
from  ths  relation  a  -  <-lnr)/R.  ar*  shown  in  Figure  8,  Both  the  calculated  transmittance*  end 
resulting  extinction  coefficients  show  little  variation  for  the  different  combinations  of  air 
mas*  factor  and  required  visibility.  These  calculations  ar*  also  summarized  in  Table  1.  In  the 
table,  Nc  ,  and  V  refer  to  tha  calculated  and  measured  radlancen,  and  required  visibility, 
respectively,  "  r 

DISCUSSION 

The  results  of  this  study  have  shown  that  in  tha  absence  of  radon  and  visibility  measure¬ 
ments,  appropriate  coablnations  of  the**  two  inputs  to  ths  Navy  Aerosol  Nodal  can  be  Inferred 
from  LOUTRAN  6  calculation*  using  standard  meterologlcal  Inputs  to  match  measured  infrared 
horizon  pixel  radiance*,  In  a  practical  sense,  sophisticated  instruments  with  the  temperature 
resolution  (0.1  *C)  and  Instantaneous  flelti-of -view  (0,87  ar)  similar  to  th*  AGA  would  hava  to 
b*  mounted  on  stsbilizsd  platforms  for  shipboard  us*.  Such  Instruments  ere  not  presently  avail¬ 
able.  However,  horizon  radiance  measurements  with  hand-held  instruments  with  wider  flalds-of- 
view  of  1*  or  better  could  possibly  be  matched  by  calculatsd  radiances  intsgraded  over  the 
instrument's  flald-of- view  as  demonstrated  in  Figures  5  and  6. 

Th*  approach  hsra  is  limited  to  the  far  Infrared  vavalsngths.  For  shorter  wavelengths  th* 
transmlttsncss  and  extinction  coefficients  calculatsd  with  tha  model  will  depend  more  strongly 
on  th#  sir  mass  factor  in  tha  first  component  of  th#  distribution.  In  ssrlisr  work5,  it  was 
demonstrated  that  an  approprlats  aerosol  size  distribution  could  ba  selected  which  is  applicable 
to  transmittance  and  radlanea  calculations  in  both  th*  visible  and  IR  wavslsngth  banda  by  in¬ 
cluding  calculations  which  also  uatohsd  tha  visible  atmospheric  optical  daptha  determined  from 
satellite  detected  upwelllng  solar  radiances.  This  approach,  however,  is  limited  to  cloud-free 
sky  conditions  during  th*  daytime  end  requires  s  favorable  position  of  ths  satellite  to  avoid 
suu  glint  from  th*  ocean.  An  alternative  approach  Is  to  incorporate  s  visible  or  near- infrared 
LTQAk  system  with  the  Infrared  measurements  end  model  tha  backscsttered  power  as  a  function  of 
rung*. 
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APPENDIX:  DESCRIPTION  OF  THE  LOVTRAN  6  NAVY  MARITIME  AEROSOL  HODEL 


The  particle  size  distribution  aodel  (at  radius  r)  Is  the  sum  of  throe  log-nornal  distribu¬ 
tions  given  by 

3 

n(r)  -  E  Ajexpt-Un  _i_)2]  (em'^pm'1),  (1) 


1-1 


vhere 


Aj  -  2000 (AM)2,  (2) 

Aj  -  5 . 866(V  -  2.2),  (3) 

(0.06V  -  2.8) 

Aj  -  10  c  (4) 


Coaponent  A^  represents  the  contribution  by  continental  aerosols.  AM  Is  an  air  mass  parameter 
that  Is  allowed  to  range  between  integer  values  of  1  for  open  ocean  and  10  for  coastal  areas  and 
Is  given  by 


AM  -  INT(Rn/4)  *  1,  (5) 

3 

where  Rn  Is  the  measured  atmospheric  radon  content  expressed  In  pCi/m’ .  In  the  absence  of  radon 
aeasureasnts ,  the  elr  mass  factor  can  be  related  to  the  elapsed  time,  T(days)  for  the  air  mass 
to  reach  the  point  of  observation: 


AM  -  INT[9axp(  -T/4)  ]  +  1 


<6) 


Components  A^  and  A,  represent,  equilibrium  sea  spray  particles  generated  by  the  surface  wind 
speed  averaged  over  24  h  (V,  In  ■/»)  and  the  current  surface  wind  speed  (V  ,  In  m/s),  respec¬ 
tively.  (It  should  bo  noted  that  thecurrent  wind  speed  coaponent  Is  different  from  the  value 
published  in  LOUTRAN  6.  This  modification  va*  found  to  be  necessary  in  order  to  match  pre^ 
vlously  published  measurements  of  IR  sky  radiances  and  nest  surface  aerosol  size  distributions 
using  the  model)..  In  Equation  (1),  r,  ,  the  modal  redlue  for  each  component  referenced  to  a 
relative  humidity  of  80*  (r,  -  0.03  pa,  r,  -  0,24  pa  and  r,’  -  2.0  pa)  is  allowed  to  grow 

with  relative  humidity  (RH)  according  to  the  Fitzgerald  formula: 

f  -  f(2  -  RH/10Q)/6( 1  -  RH/100)11/3,  (7) 

The  contribution  to  the  total  extinction  or  absorption  by  each  component  con  Chen  bo  written  as 

ffe  a  <A)1  ■  <SF><Ci  f  Q.  ,<A,r,m)exPr-(ln_r_)2lr2dr)  (8) 

'  r  1  £rj 

whora  C,  *-(0.001x/f)A,  .  Tha  factor  f"^  in  the  expression  for  C,  ensures  a  constant  total  numbar 
of  particles  aa  tha  relative  humidity  Increases.  Q(  a(l,r,m)  it  the  cross  section  for  either 

tha  extinction  or  absorption  normalized  to  the  geometrical  cross  taction  of  the  spherical  par¬ 
ticle,  end  m  is  the  complex  refractive  index,  which  ie  allowed  to  change  from  that  of  dry  saa 
salt  as  tha  partlola  daliqueacas  with  incraaslng  humidity,  LOWTRaN  6  provides  precalculated 
values  in  tabular  form  of  tha  parameter  o  (X.)/C,  at  dlacrata  wavalangths  for  four  relative 
humidities  <50*.  85*,  90*  and  99*),  from**ftlcfi  the  avarag*  extinction  for  a  apecific  wavelength 
band  and  relative  humidity  can  ba  readily  determined  by  interpolation.  Whan  an  observed  surface 
visibility  (VIS  )  ie  available  ea  an  input  to  tha  modal,  tha  amplitudes  of  ths  thtao  components 
aro  adjuoiad  by  2  scaling  factor  (SF)  so  that  the  calo-  J.eted  aerosol  extinction  coefficient,  a  , 
et  e  wavelength  of  0.55  pa  le  the  seme  ee  the  obeerved  extinction,  wo>  determined  from  the 
relationship 


viso  -  3o212_ 

0+0 
o  r 

where  o^  ie  the  Rayleigh  contribution  to  extinction  et  0.55pm. 


(9) 


TEMPERATURE,  °C 


REQUIRED  VISIBILITY,  km 


Fijur*  3.  Loci  of  point*  of  LOVTRAN  6  calculation*  with  different  combinations  of  air  nans  fac¬ 
tors  and  via l b 1 1 i t lea  which  natch  aoasurod  values  of  IR  (8  to  12  pm)  horizon 
radiance*  9  *nd  10  November  1986. 


REQUIRED  VISIBILITY,  km 


Figure  h.  Aerosol  six*  distribution  ecal lug  factor  (SF)  v*r»u*  the  required  surface  visibility 
to  match  the  measured  infrared  horizon  pixel  radiance  for  fixed  value*  of  all'  tttntj* 
factors  (AM), 


ELEVATION  ANGLE,  deg 


9  NOV  1988 


Calculations: 

(AM  =  2,  VIS  =  41.3  km)' 
(AM  =  8,  VIS  =  3.56  km)- 


■MEASUREMENTS 


RADIANCE,  mW/cm  sr 

Flgura  5,  Comparison  of  tha  meaaurad  and  calculated  IR  (8  to  12  pm )  radlancaa  for  zenith  auglaa 
about  1*  abova  tha  horizon  ueing  dlffarant  combinations  of  air  mass  factors  and 
visibilities  datermlnad  for  9  November  198B, 


MEASUREMENTS- 


Calculations: 

(AM  =  2,  VIS  =  45.8  km) 
(AM  =  8,  VIS  =  5.9  km)- 


10  NOV  1988 


RADIANCE,  mW/cm  sr 

Figure  6 ,  Comparison  of  tha  measured  and  calculated  IR  (B  to  12  pm)  radlancaa  for  zanlth  angles 
shout  1*  above  the  horizon  using  different  combinations  of  air  mass  factors  and 
vlaibllltlas  datsrmlned  for  10  November  1988. 
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AM 

Vr 

(km) 

SF 

(mW/cm2  sr) 

T 

a 

(km'1) 

9  Nov  1988 

2 

41.3 

6.71 

3.270 

0.023 

0.194 

Nm  =  3.270  mW/cm2  sr 
R,10r  =  19.491  km 

3 

22.5 

6.75 

3.270 

0.022 

0.195 

4 

13.8 

6.74 

3.270 

0.021 

0.198 

5 

9.1 

6.82 

3.270 

0.020 

0.200 

6 

6.4 

6.89 

3.270 

0.019 

0.200 

8 

3.56 

7.14 

3.270 

0.016 

0.210 

10  Nov  1988 

2 

45.8 

4.16 

3.281 

0.037 

0.183 

Nm  =  3.281  mW/cm2  sr 

3 

29.6 

4.18 

3.281 

0.036 

0.183 

ni 

Rhor  =  18.073  km 

4 

19.8 

4.19 

3.281 

0.036 

0.185 

5 

13.1 

4.22 

3.281 

0.035 

0.186 

6 

10.1 

4.22 

3.281 

0.033 

0.188 

8 

5.9 

4.31 

3.281 

0.030 

0.193 

Table  1.  Sunnary  of  LOVfRAN  6  calculation!  of  scaling  factors,  horizon  pixel  radiances,  crane - 
nlttancei  and  extinction  coafflcianta  using  different  coablnatlone  of  air  naaa 
factors  and  required  surface  vlalbllitlai . 


Dzscosazo* 


a.  wnrrridi 

Sosa  of  your  aaaauraaants  of  radiance  aa  a  function  of  alavation  angle,  showed  alternat¬ 
ing  inoreaees  and  decreases  in  the  radiance.  Can  you  explain  theee? 

lonoi'i  RIPLY 

I  can't  give  a  definite  anivtr.  it  aay  be  related  to  low-level  aerosols  entrained  by 
the  inversion. 
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Radar  Scatterometry  and  Polarimetry  at  220  GHz 


Rob«rt  E.  Mclutoob,  Professor  and  James  B.  Mead,  Research  Assistant 
University  of  Massachusetts 
Microwave  Remote  Sensing  Laboratory 
Amherst,  MA  01003,  U.S.A. 

Tel.:  413/545-0779;  FAX:  413/545  0724 


Summary 

The  University  of  Massachusetts  has  developed  two  high-power  portable  radars  operating  in  the  220 
GHx  absorption  window.  The  first,  an  incoherent  215  GHz  scatteroinetcr  has  been  used  for  reflectivity 
measurements  of  foliage,  fallen  snow,  clouds  and  fog  between  ranges  of  .1  and  2  km.  We  have  also  developed 
an  incoherent  225  Gifz  polarimetric  radar  capable  of  fully  characterising  the  Stokes  scattering  mat  rix 
of  distributed  targets.  Both  radars  employ  an  Extended  Interaction  (Klystron)  Oscillator  (EIO)  ns  the 
transmitting  source,  These  tubes  produce  a  60  W  pulse  of  50-600  ns  duration  Rnd  operate  at  a  maximum 
duty  cycle  of  .005.  High  efficiency  Schotlky  barrier  diode  mixers  are  attached  directly  to  the  feed  horns  of 
the  rereiver  antennas  to  minimize  Ios.j.  Tins  paper  will  summarize  our  work  at  215  Gllz,  Including  a  review 
of  the  hardware  and  measurements  of  clouds  and  fog.  The  226  GHz  polarimeter  will  be  discussed  ill  greater 
depth,  including  a  review  of  the  theory  of  polarimetry,  a  description  of  the  hardware  and  a  novel  calibration 
technique  requiring  only  a  single  in  scene  reflector.  Preliminary  polarimetric  measurements  of  n  dihedral 
reflector  snd  foliage  are  presented  and  discussed. 

US  GHx  System  Description 

A  block  diagram  of  the  215  GHz  radar  system  is  given  in  Figure  1.  Table  1  summarizes  the  Important 
parameters  for  estimating  overall  system  performance.  The  transmitter  employs  a  Varlan  VKY2420MI  EH) 
capable  of  producing  60  W  pulses  at  a  duty  cycle  up  to  0.005.  The  modulator  consists  of  an  internal  Pulse 
Repetition  Frequency  (PRF)  generator,  a  Field  Effect  Transistor  (FET)  switch,  and  a  high  voltage  trimle 
switch.  The  triode  acts  as  a  hard-tube  modulator  that  is  capable  of  providing  the  high  peak  currents  to 
rapidly  charge  the  EIO  stray  capacitance,  while  providing  a  flat  pulse  to  minimize  EIO  frequency  drill.  The 
receiver  front  end  employs  a  single  ended  Schottky  diode  mixer  driven  by  a  71.2  GHz  InP  Gunn  diode  local 
oscillator  through  a  frequency  trlpler.  An  automatic  frequency  control  (AFG)  loop  operating  between  1.2 
and  1.6  GHz  down  converts  the  signal  to  160  MHz,  where  a  logarithmic  amplifier  is  used  prior  to  detection, 
Separate  0  inch  Gaussian  optics  lens  antennas  with  scalar  feed  horns  are  used  ,o  achieve  high  isolation 
(>  100  dll)  between  transmitter  and  receiver,  A  dual  antenna  scheme  was  chosen  due  lo  Inefficiency  of 
circulators  and  transmit/receive  switches  at  this  wavelength. 
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Figure  1,  215  GHn  radar  bloek  diagram. 
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Range  Capability 

An  approximate  model  for  equivalent  reflectivity  factor,  Z,,  of  clouds  and  fog  lias  been  computed  using 
Mie  scattering  theory  and  an  appropriate  particle  distribution  model.  Using  Deirmemijian’s  distributions 
several  cloud  types  have  been  modeled  at  215  GHz  [1 1.  Values  for  dn(2t)  are  given  in  Table  2,  along  with 
extinction  coefficient,  K,,  for  several  cloud  varieties  and  fog.  Atmospheric  loss  due  to  water  vapor,  is 
typically  2  to  6  dB/kra.  Total  atmospheric  attenuation,  L«,  can  be  approximated  by  Ke  I  f.w. 

The  radar  range  equation  may  be  solved  for  Z,  using  the  parameters  riven  and  assuming  10  HH  of 
integration  gain  (100  samples).  Solving  for  the  minimum  Z,  as  a  function  of  range  yields 

dB(Z,)min  =  20 log  R  +  (L„)fJ/500  -  80.2  (1) 

where  Z,  is  the  effective  reflectivity  factor  in  mm°/m3  ,  R  is  range  in  meters  and  h„  is  atmospheric 
attenuation  in  dB-km.  Figure  2  plots  minimum  dB (Z,)  versus  range  for  two  atmospheric  loss  conditions. 


Table  1.  Characteristics  of  UMass  214  GHs 
wavelength  radar  system. 

Transmitter 


Center  Frequency 
Peak  Output  Power 
Pulsewidth 
PRF 

Tuning  Bandwidth 
Max  Duty  Cycle 


215  GIIi  Nominal 
60  W 

100-500  nsec 
700  Hi-20  KHz 
300  MHz 
.005 


Table  2.  dB (Ze)  and  Kt  for  Various  Cloud  Varieties  and  Fog 


Antenna 

g!_Lma 
0.64  deg 
48  dB 

Receiver 


3  dB  bearawidth 
Gain 


Noise  Figure 
1st  IF 
2nd  IF 
Bandwidth 
Dynamic  Range 


10  dB  DSB 
1.4  GHs 
160  MHz 

Variable,  5-40  MHz 
70  dB 


Cloud  Type 

dB(Z.) 

Kt  (db-km) 

Stratocumulus 

-8 

2.8 

Fog  Layer 

-14 

1.6 

Low-Lying  Stratus 

-16 

2.6 

Cumulus  Congestus 

4*  A4 

22.5 

Figure  2.  Minimum  detectable  reflectivity  versus  range  for  two  atmospheric  loss  conditions. 


Measurements 

Measurements  of  foe  and  clouds  show  good  agreement  with  predicted  performance.  Near  horizontal 
measurements  of  fog  with  visibility  varying  between  300  and  800  meters  were  made  over  a  period  of  one 
hour.  A  range  vs.  time  diagram  of  fog  reflectivity  is  shown  In  figure  3.  Figure  4  is  s  map  of  stratocumulus 
reflectivity  versus  altitude  over  a  period  of  20  minutes.  Significant  backscatter  was  measured  down  to  ground 
level,  Indicating  the  preeence  of  email  numbers  of  non-precipitating  hydrometeors  far  below  the  apparent 
cloud  base. 

In  addition  to  atmospheric  measurements,  we  have  made  extensive  radar  cross  section  measurements 
of  foliage  and  fallen  snow.  Measurements  of  foliage  were  made  during  the  1987  growing  season  [2|,  which 
indicated  that  the  largest  contribution  to  e°  was  due.  to  scattering  from  the  leaves  and  that  coniferous  trees 
were  more  depolarising  than  deciduous  trees. 
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Figure  3.  Range-time  diagram  of  fog  reflectivity  for  nenr  horizontal  path. 

USS  GHz  Polarimr.ter 

Fclarimetric  radars  capable  of  fully  characterizing  the  polarization  transformation  mntrlx  of  n  target 
can  provide  significantly  more  insight  Into  scattering  mechanism  limn  ordinary  single  polarization  radars. 
Microwave  measurements  of  the  monoetatic  target  scattering  matrix  are  typically  made  hy  alternately 
transmitting  two  orthogonally-polarized  waves  and  measuring  the  phase  and  magnitude  of  the  response  with 
orthogonally-polarized  receiver  channels.  Such  coherent  measurement  techniques  are  capable  of  rapidly 
characterizing  the  instantaneous  complex  scattering  matrix  of  a  target.  Recent  measurements  using  a 
polarimetric  synthetic  aperture  radar  (SAR)  |3|  have  proven  effective  in  classifying  target  homogeneity, 
scattering  mechanisms,  and  in  determining  optimal  polarizations. 

The  design,  construction  and  system  evaluation  of  a  portable,  incoherent  225  (!Hz  polarimetric  radar 
capable  of  meaauring  the  average  Stokes  scattering  matrix  of  natural  and  man-made  targets  is  described 
below.  The  transmitter  employs  an  ElO  which  produces  a  60  W  output  pulse  of  50  600  ns  duration. 
The  measurement  of  the  average  Stokes  matrix,  which  characterizes  the  mean  polarization  transformation 
behavior  of  a  target,  is  achieved  by  transmitting  waves  having  vertical,  horizontal,  45  linear,  right  hand 
circular  polarization,  and  simultaneously  receiving  both  the  vertical  and  horizontal  components  of  the 
scattered  wave  simultaneously.  A  brief  review  of  the  theory  of  polarimetry  is  presented  next  in  order  to 
clarify  th;  hardware  requirements. 

Principles  oj  Incoherent  Polorimrtrti 

The  quasi -instantaneous  polarisation  state  of  a  TEM  wave  traveling  in  the  t  7  direction  esu  be  de¬ 
scribed  in  terms  of  the  ellipse  trsced  out  by  the  electric  field  vector  as  measured  at  7,  7U,  an  allow n  in 
Figure  5.  The  ellipse  parameters,  <ji  and  r  completely  specify  the  polarisation  slate  of  the  wave  and  are 
expressed  in  terms  of  electric  field  quantities  by 


Figure  4.  Range  time  diagram  of  stratocumulua  reflectivity  for  vertically  pointed 
radar. 


Figure  5.  Polarization  ellipse  parameters  </>  (orientation)  and  r  (ellipticity). 
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where  |F|  and  |W|  represent  the  magnitude  of  the  electric  field  In  the  vertical  and  horizontal  planes  respec¬ 
tively,  and  6  is  the  phase  difference  hetween  the  vertical  and  horizontal  fields.  For  this  treatment,  r  >  0 
represents  right-hand  sense  waves  where  the  right  hand  rule  is  applied  to  the  rotating  field  vector  at  Z  Z„ 
with  the  thumb  In  the  direction  of  propagation.  A  receiver  capable  of  measuring  |  V  | ,  |//|  and  6  it,  sufficient 
to  measure  the  polarization  state  of  an  incoming  wave.  A  more  general  description  of  wave  polarization, 
one  which  may  account  for  partially  polarized  waves,  is  given  by  the  Stokea  vector  g  where 
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to  =  |//|5  +  |V|J  (4) 

0i  =  W3-|V'|J 

03  ~  2|F||/f|coe$ 

03  =2|K||H|»ln« 

The  scattering  behavior  of  an  arbitrary  distributed  target  or  point  target  may  be  characterized  in  terms 
of  the  average  Stokes  matrix  (Mueller  matrix),  M.  The  power  received  by  an  antenna  whose  polarization 
state  is  given  by  grc  from  a  target  with  Stokes  matrix  M  illuminated  by  a  transmit  antenna  with  Stokes 
vector  g(r  is  given  by 

Prtc  =  kgre  '  Mgtr  (•-») 

where  k  is  a  lumped  constant  representing  all  propagation  factors. 

The  average  Stokes  matrix  may  be  measured  by  illuminating  a  target  with  vertical,  horizontal,  45 
degree  linear,  and  right  hard  circular  polarization.  The  Stokes  vectors  for  these  polarizations  are 


Suppose  a  receiver  is  capable  of  measuring  the  instantaneous  Stokes  vector,  r ,  -  (rn,- i  r j ra,;  m,)  of  nn 
incoming  wave  corresponding  to  transmit  polarization  ».  Using  the  transmit  Stoken  vectors  from  Equation 
(G),  a  set  of  equations  may  be  written  which  relates  the  elements  of  the  Stokes  srattering  matrix,  1VI,  to  the 
measured  values  of  r, 


which  may  be  solved  lor  M. 

S/5  GHz  Polarimtier  System  Description 

The  226  GHz  polarimetcr  consists  of  a  multiple  polarization  transmitter,  a  dual  polarization  receiver, 
a  Polarirnetric  RAdar  Control  and  Data  Acquisition  (PRACDA)  subsystem,  and  a  data  logging  computer. 
Much  of  the  transmitter  circuitry,  including  the  modulator,  driver  and  pulse  generator  were  built  at  the 
Georgia  Tech  Research  Institute  [4].  The  transmitter  is  functionally  equivalent  to  the  215  GHz  transmitter 
shown  in  Figure  1,  except  the  modulator  incorporates  a  tailbiter  circuit  to  reduce  power  supply  loading. 
The  transmitter  employs  a  Gaussian  Optics  Lens  Antenna  with  two  quarter  -wave  plates  mounted  between 
the  feed  and  the  lens  that  can  be  independently  rotated  to  control  the  polarization  state.  The  quarter  wave 
plates  are  rotated  by  a  chain  drive  system  powered  by  stepper  motors  and  controlled  by  PRACDA  in  order 
to  automate  the  measurement  process. 

Figure  6  is  a  block  diagram  of  the  receiver  showing  its  major  functional  components.  The  antenna, 
mixers,  local  oscillator  and  phase-lock  circuitry  were  provided  as  an  integrated  subsystem  by  Milllterb 
Corporation.  The  dual  polarization  antenna  uses  a  six  inch  diameter  TPX*0  lens  with  f/d  I.  The 
incoming  Held  is  separated  Into  vertical  and  horizontal  polarization  (V  and  H)  using  a  linear  array  nf  0.001 
inch  diameter  wires  spaced  at  300  wires  per  inch.  Scalar  feed  horns  are  attached  directly  to  the  input  of 
the  harmonic  mixers  to  minimize  losses.  The  second  harmonic  mixers  are  pumped  with  an  LO  of  112.717 
GHz  at  a  power  level  of  approximately  10  mW.  The  overall  double  sideband  noise  figure  of  the  receiver  was 
measured  radlometrieally  to  be  11.0  dl). 


Figure  8.  235  GHz  polarirnetric  receiver  block  diagram. 


The  receiver  IF  consists  of  separate  magnitude  and  phase  detection  channels.  The  magnitude  of  V 
and  H  are  sampled  independently  by  log  detectors  having  a  dynamic  range  of  70  dB.  The  relative  phase 
between  V  and  H  is  measured  by  an  In-phase  and  Quadrature  (I-Q)  detector  which  is  preceded  by  matched 
constant  phase  limiters  that  provide  a  constant  10  dBm  output  over  more  than  65  dB  dynamic  range.  Table 
3  summarizes  the  salient  features  of  the  225  GHz  polarimeter. 

Table  3  Specifications  for  225  GHz  Polarimelric  Radar 
Transmitter 

Center  Frequency  225.63  GHz 

Output  Power,  Peak  60  W 

Duty  Cycle,  Maximum  .005 

PRF,  Maximum  20  KHz 

Pulse  Width  50-500  ns 

Receiver 

SSB  Noise  Figure 
Fir 

IF  Bandwidth 
Outputs 
Dynamic  Range 

Anient)  as 

Receiver  Dual  Polarization,  H  and  V 

Channels,  ,61°  Beamwidth 

Transmitter  Multiple  Polarization,  Manually 

Switchablc,  .61°  Beamwidth 

The  control  and  data  acquisition  system,  PRACDA,  consists  of  six  20  MHz,  8  bit  A/D  converters,  a 
150  bit  status  register  that  stores  the  various  radar  states,  and  circuitry  to  interface  with  the  data  logging 
computer.  The  status  registers  are  used  to  control  the  radar’s  PRF,  number  and  position  of  the  range 
gates,  and  the  transmitter  polarization.  The  maximum  data  rate  is  limited  by  the  computer  interface  to 
120  Kbytes’sec'1 .  This  constrains  the  PRF  range  gate  product  to  30,000. 

Calibration 

Calibration  of  an  incoherent  polarimeter  has  been  described  previously  by  Wood  [5).  Wood’s  procedure 
involves  using  four  in  scene  reflectors,  three  of  which  scatter  waves  having  known  polarization  and  the  fourt  h 
being  an  odd-bounce  reflector,  such  as  a  trihedral  corner  reflector.  Fixed  errors  are  removed  from  the  receiver 
so  it  inay  accurately  measure  the  polarization  state  of  an  incoming  wave,  and  then  the  calibrated  receiver  is 
used  to  measure  the  state  of  the  four  transmitted  polarizations  used  in  making  Stokes  matrix  measurements. 
An  alternative  technique  which  is  equivalent  to  Wood's  procedure  requires  placing  a  polarizing  grid  in  front 
of  the  receiver  antenna  which  can  be  rotated  to  three  different  positions.  This  modification  has  several 
advantages.  Firstly,  only  a  single  odd  bounce  reflector  is  required,  and  secondly,  it  eliminates  the  errors 
which  arise  from  clutter  in  the  return  signal  from  an  in-scene  polarized  target. 

Preliminary  Measurements 

Measurements  of  foliage,  terrain,  rain  as  well  as  various  artificial  targe's  were  rnrried  out  during  I  he 
summer  of  1980.  Measurements  of  a  vertically  oriented  dihedral  corner  reflector  made  at  a  range  of  200 
meters  are  presented  in  Figure  7,  os  a  function  of  the  orientation  angle,  if>  and  elllpticity  angle,  r,  of  the 
transmitter  polarization.  For  the  co-polurlzed  signature,  tiic  receiver  antenna  Is  assumed  to  have  the  same 
polarization  state  as  the  transmitter,  while  the  receiver  and  transmitter  polarizations  are  orthogonal  in  the 
cross-polarized  signature.  The  minima/maxima  in  the  co-/cross-polarized  signatures  at  $  -  45°  and  135", 
r  --  0°  are  characteristic  of  this  typo  of  target  |6],  Go-polarized  signatures  for  a  deciduous  tree  (Eastern 
Cottonwood)  and  a  conifer  (White  Pine)  are  compared  in  Figures  8a  b.  The  pedestal  at  r  —  -1:45"  in  u 
measure  of  the  degree  of  depolarisation  (randomness)  in  the  scattered  wave.  Our  data  indicates  that  the 
height  of  the  pedestal  at  r  =  ±45°  decreases  with  Increasing  leaf/needie  size.  The  greater  depolarization 
displayed  by  the  White  Pine  Is  shown  more  dramatically  in  Figures  8e-d  where  a  histogram  of  the  receive 
polarisation  state  <j>  and  r  Is  plotted  for  vertical  transmit  polarization.  The  power-weighted  standard 
deviation  of  <j>  and  r  are  given  in  Table  4. 

Table  4.  Standard  deviations  of  the  received  polarization  ellipse  angles  tj>  and  r  for 
vertical  transmit  polarization. 


15  dB 
194.8  MIIz 
Up  to  50  MHz 
log|V|,log|tf|,/„i,Qrei 
70  dB 


DIHEDRAL 


CO-POLARIZED 


DIHEDRRL 


CROSS-POLARIZED 
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SUMMARY 

(NU)  Interference  caused  by  bistatic  and  forward  scattering  by  terrain  can  often  lead  to 
degradation  in  performance  for  electromagnetic  sensors  and  communications  systems.  This 
paper  describes  the  results  uf  a  study  conducted  to  evaluate  the  directional  distribution  of 
bistatic  scattering  from  terrain  surfaces  at  35  GHz.  A  calibrated  radar  system  was  used  In 
a  bistatic  mode  to  measure  the  scattering  from  a  variety  of  smooth  and  rough  surfaces  and 
from  standing  trees  for  all  four  linear  polarization  combinations  1111, 11V,  VII,  and  VV.  The 
measurements  were  made  as  a  function  of  the  azimuth  and  elevation  angles  of  the  receive 
antenna  direction  for  fixed  directions  of  the  transmit  antenna. 

(NU)  The  scattering  data  for  trees  were  used  to  develop  a  new  model  for  the  phase  matrix 
of  foliage  which  can  then  he  used  In  conjunction  with  transport  theory  to  compute  bistatic 
scattering  by  forest  canopies  for  any  incident  and  scattered  directions.  Tilis  approach  was 
found  to  give  excellent  agreement  with  backscattcr  measurements  conducted  at  35  GHz,  94 
GHz,  and  140  GHz. 

I  INTRODUCTION 

(NU)  Over  tile  past  few  years,  converted  efforts  have  been  devoted  by  several  organi¬ 
zations  in  the  U.S.A.  and  Europe  to  acquire  millimeter- wave  backscatter  data  of  .terrain. 
Bistatic  data,  on  the  other  hand,  is  almost  nonexistent.  The  only  bistatic  data  of  note 
were  measured  in  the  late  1950's  at  1.15  GHz  [1]  and  in  the  mid- 1900's  at  10  GHz  [2].  The 
scarcity  uf  bistatic  data  is  due,  in  part,  to  the  fact  that  bistatic  radar  measurements  are 
more  difficult  to  make  than  monostatic  measurements,  ami  this  is  especially  true  at  millime¬ 
ter  wavelengths.  Understanding  the  nature  of  bistatic  scattering  by  terrain  is  important, 
however,  for  two  major  applications:  (,)  interference  caused  by  bistatic,  ami  particularly 
forward,  scattering  can  often  lead  to  degradation  in  performance  for  electromagnetic  sensors 
and  communication  systems,  and  (2)  bistatic  scattering  in  vegetation  media  plays  a  critical 
role  in  modeling  and  understanding  the  backscatter  from  vegetation  canopies,  particularly 
at  millimeter  wavelengths,  because  the  baekscatter  is  strongly  influenced  by  multiple  scat¬ 
tering  in  the  vegetation  volume. 

(NU)  This  paper  documents  the  results  of  an  experimental  investigation  conducted  to 
examine  the  bistatic  scattering  behavior  of  trees  and  smooth  and  rough  ground  surfaces,  all 
made  at  35  GHz.  The  scattering  data  for  trees  were  then  used  to  develop  a  new  model  for 
the  phase  matrix  of  foliage,  which  was  used  in  conjunction  with  radiative  transfer  theory 
to  develop  a  general  bistatic  scattering  model  for  foliage.  Model  results  are  computed  with 
backscatter  data  measured  at  35,  94,  and  140  GHz. 

II  MEASUREMENT  SYSTEM 

(NU)  The  data  reported  in  this  paper  were  acquired  by  the  University  of  Michigan’s 
millimeter-wave  polorinicter  (MMP),  which  operates  at  35,  94,  and  140  GHz  [3].  An  addi¬ 
tional  channel  was  recently  added  at  215  GHz.  The  system  operates  in  a  backscatter  mode 
from  a  29-rn  high  truck  mounted  platform,  and  can  bo  arranged  to  operate  in  a  bistatic 
mode  in  laboratory-  or  laboratory-like  conditions.  The  bistatic  data  were  acquirer!  by  the 
35-GHz  chsnnel  of  the  MMI’  (Fig. I).  The  MMP  includes  a  swept  frcquency  source  driven 
by  a  HP  8510A  vector  network  analyzer.  It  sweeps  in  frequency  from  2  to  4  GHz.  The 
signal  is  sent  to  the  transmitter  section  and  is  upconverted  to  34-36  GHz  using  a  mixer  and 
fixed-frequency  Gunn  source  operating  at  32  GHz.  The  RF  signal  is  transmitted  by  a  lens- 
corrected  horn  antenna  with  u  bcamwidth  of  4.2°.  The  transmitter  section  also  contains 
a  fixed-frequency  source  operating  at  10.7  GHz,  Part  of  the  swept  34-36  GHz  transmitted 
signal  is  sampled  by  a  directional  coupler  and  then  mixed  with  the  third  harmonic  of  the 
10.7  GHz  using  a  harmonic  down-converter  to  produce  a  2-4  GHz  swept  frequency  signal 
for  the  reference  port  of  the  HP  851 1A  frequency  converter  (port  a,  in  Fig.l).  The  receiver 
section  consists  of  another  antenna  and  another  harmonic  downcoitvcrlur.  A  sample  of  the 
10.7-GHz  signal  transmitted  from  the  transmitter  suction  to  the  receiver  section  through  a 
10-m-long  low-loss  coaxial  cable  serves  as  the  local  oscillator  signal  at  tile  receiver.  TIiub, 


all  cables  connecting  the  transmitter  section  and  the  receiver  section  with  the  HP  8510A 
(and  associated  peripherals)  carry  2-4  Gift  signals  and  the  cable  connecting  the  transmit¬ 
ter  to  the  receiver  carries  a  10.7-GIlz  signal.  This  design  arrangement  makes  it  possible 
to  operate  the  radar  system  in  a  bistatic  mode  while  maintaining  phase  coherence  between 
the  transmitted  and  received  signals.  A  summary  of  the  system  characteristics  is  given  in 
Table  1. 


Ill  BISTATIC  SCATTERING  FOR  SAND  AND  GRAVEL 

(NU)  The  arrangement  used  for  making  measurements  of  the  bistatic  scattering  coef¬ 
ficient  of  sand  and  gravel  surfaces  is  illustrated  in  Fig, 2;  the  incidence  angle  9,  is  between 
the  surface  normal  and  the  boresighl  direction  of  the  transmit  antenna,  a  similar  delinition 
applies  to  the  scattering  angle  0,,  and  the  azimuth  angle  <fi  is  defined  its  the  azimuth  angle 
of  tile  boresight  direction  of  the  receive  antenna.  The  ip  —  0  direction  (x-axis)  is  chosen 
to  coincide  with  the  azimuth  direction  of  the  transmit  antenna.  When  using  narrow-beam 
transmit  and  receive  antennas,  it  is  difficult  to  achieve  perfect  overlap  of  their  footprints 
on  the  target  surface.  To  avoid  measurement  inaccuracies  that  may  be  caused  by  imprecise 
pointing  of  the  transmit  and  receive  antennas,  a  broad-  beam  antenna  was  used  for  recep¬ 
tion  and  a  narrow- beam  antenna  was  used  for  transmission.  The  transmit  antenna  had  a 
beamwidtli  of  4.2°,  compared  to  15°  for  the  beam  of  the  receive  antenna.  Thus,  the  power 
arriving  at  the  receive  antenna  is  essentially  the  result  of  scattering  by  the  area  illuminated 
by  the  transmit  antenna. 

(NU)  The  bistatic  scattering  measurements  were  comprised  of  two  major  experiments. 
In  tlic  first  experiment,  both  0;  and  0,  were  maintained  constant  at  66°  and  the  azimuth 
angle  <f>  was  varied  from  10°  to  180°.  At  a  nominal  range  of  3.2  m  between  the  target  and 
the  transmit  and  receive  antennas,  the  area  illuminated  by  the  transmit  antenna  was  an 
ellipse  witli  minor  and  major  axes  of  24  and  50  cm,  respectively.  The  target  material  (sand 
or  gravel)  was  placed  in  a  “sandbox”  at  the  center  of  a  circle  approximately  5  m  in  diameter. 
The  sandbox,  whose  surface  had  dimensions  of  1.2  ni  x  1.2  in,  was  much  larger  in  surface 
area  than  the  footprint  of  the  transmit  antenna.  The  Hoot  area  surrounding  the  Hamlbox 
was  covered  with  absorbing  material. 

(NU)  The  purpose  of  the  second  experiment  was  to  extend  the  results  of  the  first  ex¬ 
periment  by  examining  the  variation  of  the  bistatic  scattering  coefficient  n°(0,,0,,i/i)  as  a 
function  of  both  0,  ami  for  a  fixed  value  of  0, ,  namely  60°. 


3.1  Calibration 

(NU)  The  radar  equation  of  the  histutlc  scattering  case  is  given  by 
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where  I't  Is  the  transmitted  power;  C'o  is  maximum  gain  of  the  (transmit  or  receive)  antenna; 
g{0)  is  tiie  normalized  radiation  pattern;  K  Is  the  range  to  the  target;  the  subscripts  t  and  r 
stand  for  transmit  and  receive,  respectively;  9  is  the  antenna  angle  relative  to  the  boresight 
direction;  and  ilA  is  an  element  of  area.  Assuming  o’  is  approximately  constant  over  the 
angul  ir  range  of  the  transmit  antenna  beamwidtli,  the  preceding  equation  may  be  rewritten 
as 
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is  the  illumination  integral,  which  is  readily  computable  from  knowledge  of  the  antennas’ 
radiation  patterns  and  the  measurement  geometry.  Because  tiie  beamwidtli  of  the  trans¬ 
mit  antenna  is  much  smaller  than  that  of  the  receive  antenna,  the  illumination  integral  Ib 
guverned  primarily  by  pi(Si). 

(NU)  The  system  was  calibrated  by  measuring  the  power  received  with  the  transmit 
and  receive  antennas  pointing  at  each  other  along  their  boresight  directions.  Tills  provides 
the  reference  level  P0  given  by 


(-•) 


where  R  ifi  the  distance  between  the  two  antennas.  Combining  (4)  with  (2)  provides  the 
expression 
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3.2  Target  Characteristics 

(NU)  The  targets  examined  in  this  investigation  included  two  sand  surface.  -r.d  a  coarse 
gravel  surface.  The  first  sand  surface  was  prepared  to  be  flat  and  smooth  ar.d  the  second  one 
was  artificially  roughened  to  generate  a  randomly  distributed,  slightly  ror.gh  surface.  Based 
on  measurements  of  two  transects  of  the  surface  height  profile,  the  rms  height  is  estimated 
to  be  smaller  than  0.1  cm  for  the  smooth  surface  and  about  1.07  cm  far  the  slightly  rough 
surface.  The  latter  surface  consisted  of  smooth  undulations  with  no  significant  small  scale 
structure;  the  undulations  looked  like  randomly  oriented  plane  facets  approximately  10  cm 
in  diameter.  The  grave!  consisted  of  stones  that  had  relatively  smooth  surfaces  and  ranged 
in  size  from  1-2  cm  in  diameter. 

(Nil)  The  depth  of  the  material  p' teed  in  the  wooden  box  was  selected  such  that  it 
was  equal  to  twice  the  penetration  depth  if.  The  complex  dielectric  constant  of  the  sand 
material  was  measured  at  10  GHz  as  e  =  2.5  -  j'0.03.  The  sand  was  totally  dry.  Hence,  its 
(  at  35  GHz  is  not  expected  to  he  different  from  its  value  at  10  GHz.  This  leads  to  S,  =  7.5 
cm  at  35  GHz.  The  sandbox  was  filled  with  sand  to  a  depth  of  15  cm,  or  two  penetration 
depths.  The  two-way  attenuation  for  a  depth  equal  to  2  6,,  is  17  cl U.  Thus,  contributions  from 
depths  greater  than  15  cm  may  be  neglected.  This  conclusion  was  verified  experimentally 
by  measuring  the  received  power  from  the  sand  layer  as  a  function  of  layer  thickness. 

3.3  Distatic  Scattering  Front  Smooth  Sand 

(Nil)  The  first  question  that  needed  to  he  addressed  wan:  “How  close  to  a  specular 
surface  is  a  visually  smooth  sand  surface  at  35  GHz?''  The  scattering  function  fur  a  spec¬ 
ular  surface  is  a  delta  function;  for  a  given  incidence  angle  power  is  reflected  only  in 
the  direction  corresponding  to  9,  d,  and  <f>  =  180°.  Moreover,  the  reflected  signal  is 
totally  coherent  in  nature.  As  the  surface  departs  from  perfectly  smooth,  the  magnitude  of 
the  coherent  scattering  component  decreases  anil  incoherent  scattering  becomes  present  in 
addition. 

(Nil)  To  answer  tin:  question  we  posed  above,  we  first  computed  the  Fresnel  reflectivity 
l’  for  send  (with  c  =  ‘2.0  ~  j'O.lKl)  as  a  function  of  the  Incidence  angle  9,  for  both  11  mid  V 
polarizations.  We  wanted  to  chose  9,  such  that  the  ratio  l’w(<A)/lV(0()  is  large  bo  it  would 
be  easy  to  measure,  and  yet  we  did  not  want  9,  to  be  loo  large  because  that  would  make 
the  pointing  geometry  difficult  to  arrange.  In  our  first  experiment  we  chose  9,  =  (ib°;  at 
this  angle,  rH((>0°)  =  0.27  (or  -5.7  dll)  IV(00°)  =  0.014  (or  -18.5  dll)  and  the  ratio  Vu/Vv 
=  19.3  (or  12.8  dB). 

(Nil)  With  d;  lib0,  the  received  power  was  measured  along  the  specular  direction  first 
for  tlie  smooth  sand  surface  and  then  for  a  perfectly  conducting  flat  plate  placed  on  top  of 
the  sand  surface.  The  signal  reflected  from  the  sand  surface  was  lower  than  that  reflected 
from  the  metal  plate  by  0.4  dB  for  H  polarization  and  by  18.4  dB  for  V  polarization.  Thus, 
the  measured  reflectivity  lb/ .ttiid  Vy  of  the  smooth  sand  surface  are  respectively  only  0.7 
and  0.1  dB  lower  In  level  than  their  theoretical  counterparts  for  a  specular  surface.  In  other 
words,  a  “visually”  smooth  sand  surface  is  also  eiectroinagnctically  smooth  with  regard  to 
reflection  along  the  specular  direction  at  35  GHz. 

(NU)  Fig.  3  shows  measured  values  of  the  blstatlc  scattering  coefficient  tr°(d,-,d,,^) 
plotted  as  a  function  of  tft  for  0j  =  9,  —  6G°.  The  plots  cover  the  range  from  10°  to 
360°,  although  the  actual  measurements  covered  only  the  range  from  10“  to  180°  and  the 
remaining  part  Is  a  mirror  image.  We  observe  that  in  the  specular  direction,  ofau  Is  larger 
than  Oyy  by  12  dB,  but  outside  the  main  lobe  region,  r>yV  tends  to  be  slightly  larger  than 
allH- 

(NU)  In  our  second  experiment,  we  fixed  S,  at  00°  and  measured  o“{9i,9,,ip)  as  a 
function  of  <fi  for  0,  =  9{  (i.e.,  essentially  replicating  the  previous  experiment)  and  as  a 
function  of  9,  at  each  of  two  values  of  <p<  namely  180°  and  270°,  Also,  the  measurements 
included  observations  with  II V  polarization,  In  addition  to  HH  and  VV  polarizations.  The 
polarization  orientation  1b  defined  with  respect  of  the  frame  of  reference  of  the  transmit  or 
receive  antennas.  This  means  that  at  d>  =  90°  we  should  expect  stronger  cross- polarized 
scattering  than  like-polarized  scattering.  Our  expectation  was  confirmed  by  the  results 
shown  in  Fig.  4(a);  ofay  Is  much  smaller  than  ofalf  for  4>  between  160°  and  210°  (actually 
ofay  could  not  be  measured  at  ^  =  180°  because  It  is  lower  than  ofaH  by  more  than 
the  30-dll  (lepulnrizatlon  isolation  factor  of  the  antenna),  but  ofay  is  larger  than  irfau  for 
i f>  —  00°  -  90°  (ami  270°  -  300°).  Fig.  4  depicts  the  variation  of  ff°(d,,  d„$>)  with  9,  at 
d>  =  180°.  and  Fig.  5  shows  a  contoui  plot  of  <r°  as  a  function  of  both  9,  and  <J>.  The  plot 
was  generated  using  simple  interpolation  between  the  various  one-dlmcnsioiial  profiles. 


3.4  Bibt ;.tic  Scattering  From  Rough  Sand  and  Gravel 

(N  ’’)  The  HH-polarizcd  bistatic  scattering  patterns  of  the  rough  sand  and  gravel  surfaces 
exhibit  significantly  lower  levels  in  the  specular  direction  compared  to  the  smooth  sand 
surface  (Fig.  6),  but  exhibit  higher  levels  at  off-specular  directions  (Fig.  7). 

IV  BISTATIC  SCATTERING  MEASUREMENTS  OF  FOLIAGE 

(Nil)  Two  types  of  measurements  were  conducted  for  trees:  1)  transmission  measure¬ 
ments  to  determine  the  attenuation  rate  versus  the  number  of  trees  in  the  transmission 
path,  and  2)  bistatic  scattering  measurements  to  evaluate  the  azimuthal  variation  of  the 
bistatic  scattering  coefficient.  The  configurations  used  are  sketched  in  Fig.  8.  In  both 
cases,  the  transmitter  and  receiver  antennas  were  mounted  on  poles  at  the  same  height 
above  the  ground  and  the  transmitter  remained  stationary  throughout  both  experiments. 
Because  the  bcamwidths  of  both  transmit  and  receive  antennas  were  on  the  order  of  4.2°, 
an  infrared  beam  was  used  (prior  to  placing  the  trees  in  the  transmission  path)  in  insure 
proper  antenna  alignment. 

(N  U )  Two  distinctly  different  types  of  trees  were  selected  for  examination  in  this  study: 
Ficus  and  Arbor  Vitae  (Fig.  9(a)).  The  Ficus  tree  (Ficus  Nitida-Green  Gem)  has  small,  flat, 
simple  leaves  approximately  10  cm2  in  area  (Fig.  9(b)).  The  Arbor  Vitae  had  a  branching 
trunk  arrangement  and  a  conical  crown  of  short  upwardly  spreading  branches.  Its  needles 
were  approximately  1.5-3  mm  in  length.  The  complex  dielectric  constants  of  the  leaves  and 
trunk  at  35  GHz  were  estimated  by  extending  1-20  GHz  dielectric  measurements  that  were 
made  using  a  coaxial  probe  [4]  to  35  GHz  by  applying  a  dielectric  model  that  was  recently 
devloped  for  vegetation  [5|.  Over  the  experiment  duration,  the  trees  were  kept  in  pots 
and  did  not  undergo  major  changes;  however,  differences  as  large  as  ±  dB  were  observed 
between  transmission  measurements  made  a  week  apart.  These  variations  are  attributed  to 
tlie  loss  of  a  few  leaves  and  to  possible  changes  in  moisture  content. 

(NU)  When  considering  an  elementary  volume  of  a  vegetation  medium  containing  N 
randomly  distributed  particles  (leaves,  needles,  branches)  per  unit  volume,  one  can  charac¬ 
terize  bistatic  scattering  by  the  volume  in  terms  of  the  bistatic  scattering  cross  section  per 
unit  volume  (or  bistatic  scattering  coefficient)  «f(, 


*rl<«.,Ai)  =  N  <  Or!(»C,,K|) 

=  4*N  <  |.V„(ft„*|)|  >  (6) 

where  r,  t  =  v  or  h  denote  the  polarizations  (vertical  or  horizontal)  of  the  receive  and 
transmit  antennas,  respectively,  k,  and  denote  the  scattered  and  incident  directions,  art 
is  the  bistatic  radar  cross  section  of  an  individual  particle,  and  Sr t  denotes  the  scattering 
amplitude  of  that  particle.  The  symbol  <  >  denotes  ensemble  average, 

(Nil)  For  both  types  of  trees  examined  in  lliis  investigation,  the  measured  like  polarized 
scattering  patterns,  and  KhhWi  were  observed  to  be  approximately  equal,  and  a 

similar  results  was  observed  for  k „/,(d>)  and  K*„(t£i).  Thus, 

*A/.W  -  «vvW  =  M  {'!>)  (?) 

k*u(V>)  =:  «„*(!/>)  =  «r(th)  (8) 

(NU)  Figure  10  shows  plots  of  the  measured  values  of  Ni(tf>)  and  nj(i/>)  for  the  Ficus 
tree.  .Similar  patterns  were  observed  for  the  other  tree.  Also  shown  are  plots  calculated 
using  tlie  expressions  discussed  below. 

(NU)  The  bistatic  scattering  coefficients  can  each  be  expressed  as  the  product  of  the 
average  scattering  coefficient  k,  and  a  pattern  function 

“iW  =  k.jiW,  (9) 

Nj(V')  =  «.  Sa(V').  (10) 

In  view  of  the  shapes  of  the  measured  patterns  (Fig  10),  pi(t&)  and  yi(i’)  can  each  be 
described  as  the  sum  of  a  relatively  weak  isotropic  component  and  a  Gaussian-  shaped, 
strong  and  narrow  forward-6eattering  lobe  /(0), 

flt(V’)  ~  (Qi/i(0)  +  (l-oi)]C 

=  [q--(£)’  “"[-(!)] +(j“a‘). 


c 


(11) 
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172(0) 


(qj/2(0)  +  (1  -  «3)](1  -  C) 


(1  ~C) 


(12) 


where  j),  and  /i2  are  the  effective  beamwidths  of  the  like-  and  cross-  polarized  forward 
scattering  lobes. 

(NU)  The  “calculated”  plots  shown  in  the  Fig.  10  are  based  on  (9)  •  (12)  with  the  values 
of  the  parameters  selected  to  provide  good  agreement  between  the  measured  and  calculated 
plots. 


V  PHASE  MATRIX 

'  ’U)  The  random  nature  of  tree  foliage  supports  the  use  of  radiative  transfer  theory 
[G,7]  for  modeling  millimeter  wave  propagation  in  the  canopy  [8,9].  In  the  radiative  transfer 
model,  the  formulation  is  given  in  terms  of  the  phase  matrix  relating  the 

specific  intensity  scattered  by  a  unit  volume  of  the  scattering  medium  into  the  direction 
(C,,0,)  to  tire  specific  intensity  incident  upon  the  unit  volume  from  the  direction  (d,,0,), 
with  both  sets  of  orientation  angles  being  defined  with  respect  to  a  reference  coordinate 
(i,  y,  s).  The  phase  matrix  represents  the  average  Stokes  matrix  of  the  particles  constituting 
the  unit  volume. 

(NU]  Upon  applying  the  definition  of  the  phase  matrix  [7j  and  making  certain  assump¬ 
tions  regarding  the  phase  relationships  between  the  four  elements  of  the  scattering  matrix, 
St,,,, 5'aii ,  5'/,u i  and  A'„A,  we  obtain  the  following  result  for  the  phase  matrix  P(0)  for  scat¬ 
tering  in  the  principal  plane  (0,  —  tf>,  =  0), 

9t  <Jt  0 

ffu  Si  0 

0  0  f/i  +  Vu 

0  0  o  at  -  a?  ] 

where  -  8,  -  0,,  and  y\  and  yi  are  as  given  by  (11)  and  (12), 

(NU)  For  the  general  case  where  the  incident  and/or  scattered  directions  are  outside 
the  principal  plane,  the  phase  matrix  P((),,0,;d,,0,)  can  he  related  to  P(0)  through 


P(f.,0.;«..0i)  -  L(*  -  7-j)P(0)L('7i)  (1‘1) 

where  L(ir  -  73)  and  L(-7i)  and  angular  transformations  [10]  and  the  angles  71  and  73  arc 
related  to  the  incident  and  scattered  angles. 

VI  RESULTS  OF  RADIATIVE  TRANSFER  CALCULATIONS 

(NU)  Given  the  phase  matrix  expressions  outlined  in  flic  proceeding  section,  it  is  a 
relatively  straightforward  task  to  compute  the  radar  bistalic  scattering  coefficient  for  a 
forest  canopy  using  radiative  transfer  theory  [7],  This  was  implemented  by  lilaby  et  al. 
[9]  for  the  hackscattering  case  in  order  to  compare  the  model  results  with  experimental 
observations  made  at  -35,  94,  and  HO  GHz.  A  summary  of  their  comparison  is  shown  in 
Fig.  11  which  contains  experimental  measurements  for  a  canopy  or  Spruce  trees  at  35  GHz 
and  fur  a  canopy  of  Ilur  Oak  trees  at  94  GHz  and  140  GHz.  The  calculated  curves,  which 
are  in  good  agreement  with  the  experimental  observations,  are  based  on  a  second-order 
solution  of  the  radiative  transfer  equation  using  the  phase  function  expressions  given  in  the 
proceeding  section. 

VII  CONCLUSIONS 

(NU)  In  addition  to  examining  the  character  of  the  bistatic  scattering  pattern  of  various 
surfaces,  this  study  lias  shown  that  a  visually  smooth  sand  surface  acts  like  a  specular  surface 
in  the  specular  direction,  even  at  millimeter  wavelengths,  but  when  the  mm  roughness  of 
the  surface  becomes  comparable  to  the  wavelength,  reflection  along  the  specular  direction 
can  decrease  by  10  dB  or  mure.  For  tree  canopies,  blctatic  scattering  is  characterized  by 
a  narrow  Gaussian-like  lobe  In  the  forward  direction,  superimposed  on  a  relatively  weak 
isotropic  pattern.  Measurements  of  the  scattering  pattern  led  to  a  formulation  of  a  phase 
matrix  appropriate  for  tree  foliage  at  millimeter  wavelengths,  which  was  then  used  in  a 
radiative  transfer  model  to  compute  the  radar  scattering  coefficient  for  tree  canopies. 
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(NU)  Table  1.  Parameters  of  the  University  of  Michigan 
Millimeter  Wave  Polarimeter 


FREQUENCIES: 

IF  BANDWIDTH: 
SWEEP  RATE: 
POLARIZATION: 
INCIDENCE  ANGLES: 
PLATFORM  HEIGHT: 


35,  94,  140,  215  GHz 
0  to  2.0  GHz 


1  ms/freq.,  51,  101,  201,  401  freq./sweep 
HH,  HV,  VV.VH 
0  to  70  degrees 

3  meters  minimum,  to  18  meters  maximum 


NOISE  EQUIV.  o“: 


CROSSPOL  ISOLATION: 


35  GHz: 

-22  dB 

94  GHz: 

-28  dB 

140  GHz: 

-21  dB 

215  GHz: 

-30  dB 

35  GHz: 

23  dB 

94  GHz: 

20  dB 

140  GHz; 

15  dB 

215  GHz: 

20  dB 

PHASE  STABILITY: 


35  GHz:  -1  degrce/hour 

94  GHz:  -1  degree/minute 

1 40  GHz:  ~  1 0  to  50  degrees/second 

2 1 5  GHz:  -20  dcgrccs/hour 


NEAR  FIELD  DIST: 

35  GHz: 

2.7  m 

94  GHz: 

7.3  m 

140  GHz: 

2.7  m 

215  GHz: 

4.4  m 

BEAMWIDTH: 

35  GHz: 

R:  4.2  deg 

T:  4.2  deg 

94  GHz: 

R:  1.4  deg 

T:  ’.8  deg 

140  GHz: 

R:  2.2  deg 

T:  11.8  deg 

215  GHz: 

R:  1,1  deg 

T:  2.3  deg 

ANTENNA  DIAMETER: 

35  GHz: 

R:  6  inches 

T:  6  inches 

94  GHz: 

R:  6  inches 

T:  3  inches 

140  GHz: 

R:  3  inches 

T;  0.36  inches 

2:5  GHz; 

R:  3  inches 

T:  1.5  inches 

OVWdH 


(NU)  Fig.  1.  Block  diagram  of  the  35-GHz  channel  of  the  MMP  when  operated  in  the 
bistatic  mode. 
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(NU)  Fig.  7.  Bistatic  scattering  in  the  elevation  plane  with  fixed  incidence  and  azimuth  angles. 


Tim 


•  a 


<b> 

(NU)  Fig.  8,  Configurations  uaed  for  measuring  (a) 

foliage  |twimnnn  and  (b)  bistadc  scattering 
from  tree*.  For  measurements  involving 
more  than  one  tree  in  the  transmission  path, 
the  distance  between  the  transmitter  and 
receiver  antennas  was  increased  to  8  m. 


(b) 


(NU)  Fig.  9.  Sketches  of  (a)  tree  architectures  and  (b) 
photographs  of  a  Ficus  leaf  and  an  Arbor 
Vitae  branch. 
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(•)  3SQHi 


(b)  MOi-ll 


(C)  140  OHi 


(NU)  Hg.  11.  Comparison  of  theory  with  experirnemul  observations  at  (a)  35  GHz  for  u 
canopy  of  Spruce  trees  at  (b)  94  GHz  and  (c)  1 40  GHz  for  a  canopy  of 
Bur  Oak  trees. 


DISCUSSION 


N.  LRVY 

Is  it  possible  to  make  bistatic  scatter  measurements  over  the  sea? 

NRHOl'l  RRPLY 

It  could  be  done,  but  deployment  of  equipment  is  not  easy. 

I.  SHOT  LI 

In  your  measurements  of  the  phase  function  for  a  tree,  there  appears  to  be  a  symmetric: 
scattering  pattern  even  to  detailed  features.  Most  tress,  I  have  seen,  are  not  that 
uniforsily  symmetric.  Can  you  explain  or  comment  on  thia? 

AUTHOR'S  RHPLY 

The  traa  was  rotated  360’  for  aaoh  measurement  resulting  in  a  statistical  averaging  of 
aspect  dependency . 

H.  .  MUBKTOM 

Could  you  please  comment  on  the  relative  backscatter  properties  of  conifsrcus  and  dsaid- 
uous  trses.  Are  there  any  major  differences  which  might  have  impact  on  system  require¬ 
ments  for  applications,  such  as  HMW  terrain  following  radar. 

AUTMOH'S  RBPIiY 

The  water  content  of  the  foliage  appeared  to  be  the  major  factor,  more  so  than  the  dis¬ 
tinction  between  deciduous  and  ooniferous  trass. 


Modelling  UV-Vi«ible  Radiation  Observed  from  Space 


D.E.  Anderson,  Jr. 

Coda  4141 

Naval  Raaaarch  Laboratory 
Washington,  D.C.  20375  USA 


and 


D.J.  Strickland 
Computational  Fhyaica  Inc. 
9.0.  BOX  360 
Annandalo,  '/A  22003  USA 


SUMMARY 

Development  of  apace-baaed  paaaive  remote  ayatama  for  obaerving  and  tracking  artificial  radiation 
aourcea  in  the  earth'a  atmoaphere  requirea  the  characteriaation  of  the  natural  radiation  background. 
Recent  advancea  in  detector  technology  and  theoretical  modelling  have  led  to  improved  underatanding  of 
the  UV-viaible  (1000-3000  A)  atmoepheric  background  radiation.  Thare  are  two  principal  aourcea  of 
naturally  occurring  UV-viaible  atmoepheric  radiation!  (1)  Rayleigh  and  mie  scattering  ot  sunlight)  and 
(2)  auroral  and  airglow  emiaaion.  The  first  aourca  ia  generated  primarily  In  the  troposphere,  but  i( 
affected  by  the  pretence  of  aerosols  and  ozone  in  the  stratosphere  up  to  40  km.  In  addition,  clouds, 
surface  reflection  and  multiple  scattering  can  have  a  significant  affect  on  the  radiation  field.  The 
relative  importance  of  theaa  sourest  to  nadir  emission  are  shown.  In  particular,  we  find  that  for 
wavalengtha  greater  than  3000  A  as  much  as  60X  of  the  nadir  satiation  can  ba  due  to  multiple  scattering. 
The  second  source,  auroral  and  airglow  emiaaion,  emanates  from  the  mesosphere  above  50  km  and  the 
thermosphere  below  1000  km  altitude  and  exhibits  remarkable  geographic  and  geomagnetic  variability.  A 
description  of  these  radiation  fields  and  models  developed  to  analyse  satellite  remote  sensing  data  in 
the  UV-visible  region  of  the  spectrum  are  preaented.  Emission  levels  from  both  aourcea  art  compared 
and  expected  geographic  and  solar  cycle  variability  identified. 


1 .  INTRODUCTION 

UV-visible  optical  backgrounds  observed  from  apace  naturally  fall  into  two  categories i  those 
excited  by  Rayleigh  and  mie  scattering  in  the  atmosphere  below  100  kmi  and  atomic  and  molecular  line 
emission  from  the  atmosphere.  Except  at  very  high  spectral  resolution  or  at  night,  the  latter  are 
observed  only  when  the  altitude  above  the  surface  of  the  line-of-aight,  or  tangent  altitude,  rises 
above  #0  km.  Below  this  altitude  Rayleigh  scattering  overwhelms  other  emission  sources.  We  will  show, 
however,  that  at  very  high  spectral  resolution  (.1  A)  molecular  emissions  may  be  observed  down  to 
tangent  altitudes  as  low  aa  40  km  tangent. 

For  optical  backgrounds  below  90  km,  models  euch  aa  L0WTRAN1  provide  a  representation  of  earth 
radiance,  irradiance  and  atmospheric  tranamiesion  over  the  electromagnetic  spectrum  longward  of  2000  A. 
LOVTRAN  is  beet  suited  for  limb  observations  below  30  km  altitude.  The  model  reeulte  described  here 
are  baaed  on  algorithms  developed  at  the  Naval  Research  Laboratory  which  provide  a  description  of  the 
contribution  to  limb  emission  of  Rayleigh  and  mie  scattering  below  100  km  in  the  wavelength  region 
2000-10000  A.2'3’*  Although  there  is  very  little  verietion  in  the  soler  flux  with  solar  cyclt  in  this 
wavalength  ragion  <<102  at  2000  A  dacraasing  rapidly  with  wavalangth  to  <12  at  3000  A),  thera  Is  ■ 
larga  variability  in  tha  limb  emlaiion  profiles  due  to  climatologicel  effects.  This  natural 
variability  must  b#  included  in  »ny  opticel  backgrounds  model  which  hopes  to  predict  background  scenes. 

Abova  90  km,  eolar  anirgy  at  wavalangths  shortward  of  2000  A  and  particla  pracipitation  from  tha 
magnatosphare  induce  not  only  a  siyriad  of  tmisaiona  from  atomic  and  molacular  constituanta,  but  larga 
global,  saasonal  and  eolar  cycle  variability  in  the  dietribution  of  these  constituents.  User  friendly 
optical  background!  medals  similar  to  L0WTRAN  hava  not  been  developed  for  thie  region  of  the 
atmosphere.  Recent  advance*  in  our  underetanding  of  filiation  sources  above  90  km  may  soon  lead  to  auch 
models,  but  in  order  to  predict  optical  backgrounds  in  this  ragion  it  will  ba  necessary  to  incorporate 
a  thermosphere  climatology  as  a  source  for  the  constituent  distributions. 

In  the  next  section,  an  optical  backgrounds  model  for  altitudes  below  90  km  is  described  and 
example*  of  opticel  backgrounds  are  shown.  Thermosphere  emissions  are  then  described  for  the  dayglow 
followed  by  a  dascription  of  auroral  emissions. 
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Figure  1.  Earth  albedo  for  three  eoler  aenith  angle!  .  (TI/IF) r,otel  and  (tl/lF),,  refer  to  the  earth 
albedo  with  end  without  multiple  acattering,  respectively . 
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Figure  2.  Earth  albedo  with  ground  reflection  included.  TOTAL,  RFL,  SS  and  MS  refer  to  the  earth 
albedo  with  multiple  ecattering,  and  the  reflectod,  single  ecattered  and  multiple  acat.tered 
component. i,  respectively. 


2.  OPTICAL  BACKGROUNDS  FROM  THE  ATMOSPHERE  BELOW  90  KM 


Observed  UV-visible  emission  for  tangent  altitudes  leas  than  90  km  ia  dominated  by  Rayleigh  end 
aaroaol  (mia)  acattering  from  the  tropoaphere  and  stratosphere.5  During  periods  of  high  volcanic 
activity,  the  emit  a ion  it  often  enhanced  above  the  normal  background.6  In  addition,  during  late  sprirg 
and  summer  at  high  latitude  in  both  the  northern  and  southern  hemisphere,  polar  mesosphere  clouds 
centered  at  83  km  art  observed  at  an  enhancement  in  the  emit t ion  in  the  vicinity  of  83  km  tangent 
altitude.7  Thus,  both  seasonal  variations  of  the  aerosol  scattering  and  variations  caused  by  injection 
of  aerosols  into  the  stratosphere  (volcanic  or  artificial)  cause  emission  rate  f lactations.  Sporadic 
signatures  of  clouds  have  been  observed  throughout  the  stratosphere  and  and  at  a  wide  variety 

of  latitudes.  Finally,  the  seasonal-latitudinal  variation  in  the  ozone  distribution  results  in  a 
modulation  of  tha  UV-visible  radiance,  because  ozone  absorbs  radiation  that  would  otherwise  contribute 
to  the  radiation  field. 

The  calculated  earth  albedo  (solar  energy  backscattered  to  space)  is  shown  for  the  2500-4000  A 
wavelength  range  in  Figure  1  for  solar  zenith  angle  fl0  -  0,  80  and  90  degrees.  The  model  utilizes  the 
1976  U.S.  Standard  Atmosphere  for  molecular  nitrogen  Nj,  oxygen  Og  »nd  ozone  O3  and  a  clear  atmosphere 
with  a  ground  albedo  of  0.0.  The  curvea  show  tha  total  earth  albedo  at  well  as  earth  albedo  when 
multiple  acattering  Is  not  included.  The  effects  of  non-zero  ground  albedo  are  emphasized  in  Figure  2, 
where  the  reaulte  for  a  ground  albedo  of  unity  art  shown.  Compariaon  of  the  two  figures  shows  that 
ground  refltction  producss,  in  the  extreme  case,  a  factor  of  fiva  inersaee  in  sarth  albedo.  Multiple 
scattering  increases  beesuse  of  incretsed  trapping  of  radiation  in  the  atmosphere.  Multiple  scattering 
is  not  important  below  about  3000  A  because  of  absorption  by  ozone  in  the  stratosphere.  As  noted 
earlier,  when  aerosols,  clouds  and  ozone  variability  are  included,  emission  levels  will  change.  At 
large  solar  zenith  angles  (>80  degrees)  tht  earth  albedo  due  to  Rayleigh  scattering  is  reduced  so  that 
atomic  end  molecular  amissions  from  the  thermosphere  above  90  km  esn  often  be  seen  even  at  relatively 
low  spectral  resolution. 

Limb  emission  profiles  for  an  obssnration  platform  abovt  100  km  altitude  and  for  tangent  altitudes 
less  thin  75  km  are  shown  in  Figure  3  for  a  solar  zenith  angle  of  50  degrees.  Wavs  length  intervals  of 
100  A  wars  integrated  to  yield  the  column  emission  rats  in  magaRayleigha,  whsre  one  megaRayleigh  ia  the 
radiance  in  unite  of  photons  cm"2  s'1  sr"1  and  scaled  by  4r  X  10"12.  The  emission  profiles  for 
wsvelengths  lets  then  3000  A  reach  a  maximum  at  tha  tangent  altitude  where  abaorption  due  to  ozone  and 
molecular  oxygen  begins  to  attenuite  the  signal.  In  this  wavtlangth  region,  limb  emission  variations 
with  latitude  and  season  sra  expected.  For  wavelengths  greater  than  3000  A,  Lhe  limb  emission  profile 
continues  to  increase  until  the  solid  esrth  ia  encountered( tangent  altitude  »  0  km),  indicating  that 
contributions  from  tha  ground  ere  possible.  In  fact,  the  variability  of  ground  albedo  and  multiple 
■cattaring  due  to  aerosols  and  molecules  in  this  spectral  region  leads  to  considerable  variability  In 
observed  emissions.  The  theoretical  amission  profiles  shown  are  accurate  to  butter  than  20Z,  based  on 
the  combined  uncertainty  in  tha  aolar  flux  and  In  tha  model  calculation.  Thus,  the  model  of  optical 
backgrounds  emitted  from  the  tropsphers,  stratosphere  and  maaosphare  may  be  utilized  to  assist  in¬ 
flight  instrument  calibration  throughout  tha  UV-visible  range.8  In  addition,  the  model  limb  profiles 
can  be  utilized  to  assist  in  determining  the  pointing  accuracy  by  comparison  with  limb  observations. 
Finally,  although  not  discusaad  in  detail  hare,  radiance  measurements  in  this  spectral  range  may  be 
inverted  tu  yield  planetary-acale  circulation  patterns  in  the  stratosphere  and  global  variability  of 
ground  albado,  aerosol  content  and  mesosphere  cloud  distributions. 

At  very  high  spectral  resolution  ( < . 1  A)  molecular  amissions  from  the  stratosphere  and  mesospherr 
are  observable  throughout  the  day  and  the  observed  radiances  may  be  inverted  to  yiald  the  altitude 
distribution  of  the  emitting  molecules.  A  new  and  exciting  investigation  of  observation  and  analysis 
of  limb  emissions,  tht  Middls  Atmosphsrs  High  Rssolution  Spectrograph  (MAHRS)  experiment,  promises  to 
establish  new  remote  sensing  cuchniques  for  investigation  of,  the  D  and  E  region  of  the  ionosphere,  and 
the  chemistry  and  dynamics  of  the  stratosphere  and  mesosphere.9  The  emiesion  models  describe’’  nbove 

will  be  directed  to  the  MAHRS  shuttle-based  data  set  to  b«  obtained  in  the  early  1990’s.  Th>  MAHRS 
will  obtain  apectral  data  in  35  A  segments  from  1900  to  3200  A  in  first  order  st  0.1  A  spectral 
resolution  and  <3  km  altitude  resolution.  A  theoretical  MAHRS  spectrum  35  A  wide  and  centered  at  3083 
A  is  shown  in  Figure  4  for  a  tangent  altitude  of  73  km  and  a  spectral  resolution  of  0,1  A.  Tha  low 
level  background  represents  Rayleigh  scattering  of  the  incident  solar  radiation  (dottad  line).  The 
■olid  vertical  lines  represent  swlecular  amissions  arising  from  solar  resonance  scattering  by  the 
hydroxyl  radical  (OH)  present  in  the  atmosphere  below  90  km.  The  OH  spectral  featuras  shown  have  been 
integrated  over  0.1  A  so  that  swat  of  the  features  shown  represent  the  sum  of  several  rotational  lines, 
The  feature  indicated  by  the  vertical  arrow,  however,  ia  the  emission  from  a  tingle  tranaition. 
Emission  from  this  line  was  calculated  for  a  range  of  tangent  altitudes  and  Figure  5  shows  the 
recultant  limb  profile  together  with  the  Rayleigh  background.  The  solid  curve*  represent  Rayleigh 
background  reduced  by  90Z  due  to  the  presence  of  a  polarizer  in  the  MAHRS  spectrograph  which  will 
filter  out  much  of  the  highly  polarized  Rayleigh  background.  At  these  wavelengths  the  emission  is 
sensitive  to  the  ozone  concentration  and  the  difference  in  the  two  solid  curves  arises  because  of  the 
different  ozone  distributions  calculated  for  December  (lower  intensity)  and  April.  The  dashed  and 
dotted  curve*  represent  the  OH  amission  and  are  baaed  on  a  1300  hrs  local  time  OH  distribution 
calculated  with  a  chemical-dif fusion  model  of  the  stratosphere  and  mesosphere  for  December  and  April. 10 
Thus,  at  high  spectral  resolution  tha  background  from  Rayeigh  acattering  ia  reduced  and  optical 
signature*  from  natural  and  artificial  sources  can  be  investigated  to  at  least  40  km  tangent  altitude. 
When  MAHRF  fly*,  a  new  generation  of  spec*  observations  will  begin.  The  MAHRS  investigation  is  a  joint 
venture  between  the  Haval  Research  Laboratory  and  the  West  German  ASTRO  SFAS/CRI.STA  shuttle 
investigation  to  investigate  chemistry,  radiation  and  dynamics  in  the  stratosphere,  mesosphere  and 
lower  thermosphere.  This  investigation  emphasises  the  continued  importance  of  mainta.ince  and  support 
of  high  spectral  resolution  radiance  code*.  In  the  next  section  we  describe  theoretical  limb  emission 
profiles  from  the  thermosphere  (tangent  altitude  >  100  km)  cibsorved  during  the  day. 
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Figure  3.  Limb  profilaa  v'it*  at  B0  -  30,  where  mR  la  10®  Rayleigha ( gee  text),  Tha  wavelengtha 
rapraiant  tha  center  of  a  100  A  interval  ovar  which  tha  apectrum  at  aach  tangent  altitude  haa  been 
integrated . 
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Figure  *.  High  raaolutlon  apaotra  of  tha  aolar  flux  (dotted  curva)  and  tha  OH  Una  amiaeion  (aolid 
vartic|l  Unea)  calculated  for  tha  MAHRS  experiment  paeeband  of  0,1  A  for  a  tangent  altitude  of  73  km, 
fi0  «  0  and  a  Spring  OH  diatribution  (Sea  Figure  3), 
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Figure  5.  Limb  profile*  for  the  3074.366  A  rotational  line  indicated  by  the  arrow  in  Figure  4,  where 
IK  is  103  Rayleighs,  the  passband  is  0.1  A  and  60  «  o’. 


3.  OPTICAL  BACKGROUNDS  FROM  THE  ATMOSPHERE  ABOVE  90  KM 

Nightglov,  arising  primarily  from  radiative  recombination  in  the  thermosphere  will  not  be  described 
here,  but  is  included  in  the  the  radiance  models  described  below.  The  radiance  levels  are  quite  low  at 
night,  typically  less  than  10  Rayleighs  throughout  the  spectral  region  1300-4000  A.  However,  in  the 
equatorial  regions  (*  20  degrees  latitude)  tediance  levels  at  01  1304  and  1336  A  can  reach  a  few 
hundred  Rayleighs  and  depend  on  ionospheric  structure. 

During  the  day,  optical  emissions  from  neutral  and  singly  ionized  atoms  and  molecules  are  observed 
throughout  the  atmosphere.  Thu  region  above  100  km  is  dominated  by  emissions  in  the  wavelength  region 
300-6000  A  which  are  produced  by  solar  resonance  excitation  and  photoelectron  impact  excitation. 11 
Rayleigh  scattering  1s  negligible  above  90  km,  so  that  avsn  »t  a  spectral  resolution  of  25  A 
information  about  thermosphere  and  ionosphere  behavior  can  be  deduced.  We  have  developed  a  model  which 
describee  these  enilscinns  in  detail  r.nd  have  validated  it  through  analysis  of  rocket,  ground-based  and 
satellite  data  sets.1^  Through  analysis  of  thee*  data  fundamental  issues  regarding  emission  sources 
and  the rmoaphere  characteristics  have  been  addressed,  and  aa  a  result  tho  model  is  now  sccepted  as  a 
reliable  diagnostic  tool  for  analyzing  optical  backgrounds  from  tha  mesosphere,  thermosphere  and 
exosphere . 

An  example  of  dayglow  emlasion  between  1300  and  4000  A  calculated  for  an  observation  from  above  the 
thermospner*  la  shown  in  Figure  6  for  tangent  altitude*  130  and  200  ku  and  a  spectral  resolution  of  20 
A.  Ths  dominant  features  in  the  far  UV  (1000  to  2000  A)  art  HI  1216  (not  shown),  01  1304,  01  1336  and 
tha  Ng  LBH  ayetem  of  bands  which  start  at  1273  A  and  continus  throughout  the  far  UV.  In  the  mid  UV 
(2000  to  3000  A)  the  prominent  features  are  the  NO  7  bands,  the  Ng  VK  and  2FC  systems  and  the  atomic 
linaa  011  2471  and  01  2972.  Ng  LBH  alto  contributes  at  short  wevelsngths  in  this  region.  Finally,  in 
the  near  UV  (3000  to  4000  A),  the  most  intense  emission  features  are  the  Ng  2PG  system  of  bands  and  the 
Nj  IN  bands.  The  brightest  features  sr*  identified  in  Figure  6,  The  shape  of  the  spectrum  changes 
significantly  with  altitude  because  of  the  different  altitude  diatributions  of  the  emitting  atoms  and 
molecule*,  the  different  slant  path  absorption  effects  and  the  different  excitation  source 
distributions.11  Altitude  profiles  for  the  spectral  region*  shown  in  Figure  3  art  given  in  Figure  7 
for  ths  73-250  ka  region.  The  limb  emiesion  profile*  shown  were  calculated  for  a  solar  zenith  angle  of 
30  degrees  and  an  axospheric  temperature  of  12P0K.  Both  the  magnitude  end  shape  of  these  curve*  change 
with  ao.lar  zenith  angle,  eolar  activity,  season  tnd  gaogriphic  iocetion,  but  qualitatively  the  curves 
shown  reprssant  the  range  of  expected  variation  In  the  magnitude  of  the  amiss '.on.  It  should  be  notsd 
that  ths  range  of  variation  in  emission  level*  shown  in  Figures  3  and  7  is  almost  10  ordtrs  of 
magnitude.  Thus,  for  instruments  designed  to  monitor  this  altitude-wavelength  space,  a  large  dynamic 
range  in  instrument  raiponaa  moot  be  available.  In  addition,  for  tangent  altitude*  above  90  km,  off 
axis  scattering  from  below  90  km  muet  be  eliminated. 
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Figure  6.  Dayglow  emission  excluding  Rayleigh  scattering.  Spectra  represent  a  ZO  A  epectral 
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If  the  nodal*  daacribad  abova  ara  intagratad  into  climatological  modal*  which  ara  driven  by  solar 
activity  indicators  and  include  seasonal  effects,  then  tha  capability  exists  to  provide  a  prognostic 
model  of  optical  backgrounds  amission  from  the  mesosphere,  thermosphere  and  exosphere.  In  addition, 
analysis  of  emissions  fron  singly  ionized  atomic  oxygen,  OH  and  nitric  oxide  provide  the  ability  to 
monitor  D,  E  and  F  region  variations  of  the  electron  density. 

In  tha  auroral  region,  the  systematic  and,  to  soak*  extant,  predictabla  optical  background 
variability  present  in  tha  dayglov  does  not  exist.  Tha  range  of  excitation  energy  variation 
encountered  is  large  and  any  prognostic  ability  depends  heavily  on  our  understanding  of  magnetospheric 
response  to  change*  in  the  solar  wind  and  the  interplanetary  magnetic  field  as  they  sweep  by  the  Earth. 
Fart  of  this  response  is  in  tha  form  of  changes  in  energetic  particle  fluxes  (mainly  electrons  and 
protons)  entering  the  high  latitude  ionosphere  (e.g.,  from  the  plasma  sheet  and  from  more  local  regions 
producing  particle  acceleration).  To  date,  there  it  no  realiable  model  of  these  effects,  so  that  in 
the  auroral  regions,  theoretical  models  are  used  primarily  to  investigate  current  or  past  observations. 
The  results  of  these  ongoing  analysis  efforts  may  ultimately  lead  to  a  prognostic  model  of  auroral 
region  optical  emissions  bated  on  models  that  couple  the  chemistry  and  dynamics  of  the  neutral 
atmosphere,  ionosphere  and  magnetosphere. 

Examples  of  typical  incident  electron  spectra  used  in  auroral  modeling  are  shown  in  Figure  8.  The 
upper  panel  shows  four  spectra  characterized  by  Maxwellian  distributions  with  the  addition  of  low 
energy  tails.  The  characteristic  energies  are  .5,  1.0,  2.5  and  5.0  keV  with  mean  energies  of  twice 

these  values.  Each  spectrum  contains  an  energy  flux  of  1  erg  cm'2  s'1.  Maxwsllien-lik*  distributions 
occur  commonly  in  visible  aurora,  especially  in  what  ie  termed  the  diffuse  aurora  whose  energy  source 
is  precipitation  from  the  plasma  sheet.  The  lover  panel  in  Figure  B  shows  four  spectra  characterized 
by  Gaussian  distributions  with  the  addition  of  high  and  low  energy  tails.  Peak  energies  are  1,  2.5, 
5.0  and  10  keV  with  energy  fluxes  of  1  erg  cm*2  s*1  as  in  the  upper  panel.  These  type  of  spectra  occur 
commonly  in  auroral  arcs.  The  Caussiar.-lik*  portions  are  thought  to  arise  from  acceleration  processes 
high  in  the  ionoephere. 

The  volume  emission  race  for  a  given  optical  feature  is  determined  by  first  performing  an  electron 
transport  calculation  whose  boundary  condition  is  given  by  the  energy  and  angular  dependence  of  the 
precipitating  electrons.13  Figure  B  showed  typical  examples  of  the  energy  dependence.  Isotropy  over 
the  downward  hemisphere  is  usually  chosen  for  the  angular  dependence  at  the  upward  boundary  based  on 
satellite  particle  observations.  The  transport  calculation  specifies  tha  electron  intensity  versus 
altitude,  energy  and  angle  which  is  then  integrated  over  4»  to  give  the  spherical  electron  flux.  The 
volume  emission  rate  is  then  calculated  by  an  integration  over  energy  involving  the  product  of  this 
flux,  an  electron  impact  cross  saction  far  tha  emission  feature  of  interest  and  the  number  density  of 
the  species  being  impacted.  Figure  9  shows  examples  of  the  calculated  quantity  for  a  series  of  inci¬ 
dent  electron  spectra  given  by  Maxwellian  distributions  containing  an  energy  flux  of  1  erg  cm'2  s'1.14 
Shown  is  the  total  excitation  rate  of  tha  B  state  of  N$  which  produces  the  first  negative  (IN)  system. 
Tha  source  of  thiB  emission  io  electron  impact  on  N$.  This  system  contains  the  bright  bands  at  3914  A 
and  4278  A  which  are  two  of  the  most  commonly  observed  features  in  the  aurora. 

Over  the  past  several  decades  of  the  study  of  auroral  phenomena,  almost  all  of  the  observed 
spectral  features  have  been  identified.  The  current  model  includes  ths  prominent  spectral  features 
observable  by  typical  satellite-born  spectrometric  experiments.  The  magnitude  of  each  feature  is 
determined  from  the  emission  rate  as  described  above.  For  molecules,  the  emission  rate  of  an  entire 
band  is  distributed  among  its  rotational  lines  by  utilization  of  spectral  synthesis  codes.  The  final 
result,  radiance  for  a  particular  viewing  geometry,  ie  obtained  by  integration  of  these  emission  rates 
along  the  line  of  sight.  In  the  case  of  optically  thick  amissions,  multiple  scattering  within  the 
atmosphere  muat  be  evaluated  to  determine  the  total  emission  rate.  The  radiance  ie  then  determined  by 
integration  along  the  line  of  tight,  but  with  the  inclusion  of  absorption  effects.  Figure  10  shows  two 

examples  of  this  radiance  from  1000  to  4000  A  as  observed  by  satellite  for  viewing  in  the  nadir 

direction.  At  wavelengths  longer  than  3000  A,  Rayleigh  scattering  and  ground  albedo  may  serve  to 
enhance  the  emission.  The  emission  spectra  correspond  to  incident  electron  spectra  having  the  shapes 
shown  in  the  lower  panel  of  Figure  8  with  peak  energies  of  1  and  10  keV,  respectively.  Radiance  units 
are  Rayleighs  A'1  with  a  chosen  spectral  resolution  of  20  A.  The  spectral  brightness  ie  linearly 
proportional  to  the  energy  flux  of  the  incident  electrons  which  is  the  same  as  for  the  above  results  (1 
erg  cm'2  s'1).  The  features  identified  in  Figure  £  are  also  present  in  Figure  10,  with  the  exceptions 
that  01  1304  is  not  included  nor  are  the  NO  7  bands,  which  are  usually  much  lest  intense  than  other 
auroral  features.  The  oust  notable  differences  between  the  two  spectra  in  Figure  10  are  the  lower 

brightness  of  the  *10  keV*  spectrum  at  FUV  wavelengths  (1300  to  1700  A)  end  over  un  extended  region  at 

Hid  UV  and  Near  UV  wavelengths.  The  differences  in  tha  degree  of  pure  absorption  by  O2  for  the  two 
eiawlated  auroras  it  the  causa  of  the  differences  at  FUV  wavelengths.15  The  differences  at  the  longer 
wavelengths  occur  primarily  in  the  Ng  VK  bands  which  are  weaker  for  the  harder  aurora  (*10  k*V‘).  This 
is  caused  by  greater  quenching  of  the  excited  state  {N2 (A) ]  et  10  ktV,  beceuee  this  state  Is  produced 
lower  in  tha  atmosphere.15 


Figure  8.  Incident  eurorel  energy  ipectra,  characterized  by  Haawellian  diatributione  with  low  energy 
tails  (upper  panel)  and  Gausgi.n  dietributione  with  high  and  low  energy  tails  (lower  panel), 
for  a  1  erg  aurora  with  energies  indicated  by  EOI  where  keV  io  103  electron  volte. 
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Figure  10.  Nadir  column  emission  rete  for  the  surorel  energy  spectre  shown  in  the  lower  psnel  of  Figure 
8  for  1  and  10  keV. 
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4.  CONCLUSIONS 

As  understanding  of  the  physical  and  chsmlcal  mechanisms  leading  to  tha  UV-viaibla  radiation  fiaid 
ia  a  critical  ingradiant  in  tha  davalopaant  of  codaa  which 'pradict  UV-viaibla  background  acanaa .  In 
ordar  to  diatingulah  artificial  sources  from  natural  background  variability,  such  an  undaratanding  must 
ba  praaant  on  a  global  acala.  L0VTRAN7  will  aoon  provide  a  global  daecrlption  of  tha  ataoephara  balow 
SO  ka.  whan  ainor  conatituont  climatologies  ara  incor-  poratad.  Tha  main  faaturaa  of  tha  UV-viaibla 
airglow  and  aurora  ara  wall  understood  in  tanas  of  radiation  acattaring  theory  and  inversion  of 
paisa Ion  features  to  derive  atmospheric  parameters;  and  empirical  models  of  tha  teaparatura  and 
constituent  distributions  are  being  developed.  However,  no  LOWT RAN- type  nodal  exists  which  could  be 
assiailated  easily  into  a  global  amission  model  for  the  atssosphere  above  90  ka. 

Two  investigations,  RAIDS  and  tha  UV-viaibla  portion  of  MSX,  will  provide  data  eats  in  tha  1992- 
1995  tins  period  which  can  ba  uaad  to  validate  such  a  global  eaiasion  modal.  In  addition,  the  flight 
of  HAHRS  will  provide  a  new  and  unique  data  ast  which  should  yield  improved  undaratanding  of  tha 
cheaiiatcy  and  dynamics  which  drives  global  stratosphere  and  mesosphere  varaibility.  These 
invaatigationa,  whan  combined  with  collaborative  modelling  efforts,  provide  tha  potential  to  yield 
validated  diagnostic  and  prognostic  models  of  the  coupled  nautal  atmosphere- ionosphere  system. 
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DIBCUBSZOH 

R.  MICHOLLS 

Do  the  Oj  (Meinel )  vibration-rotation  bands  provide  any  contribution  to  the  radiance? 

AUTHOR'S  REPLY 

Yes  they  do.  A  very  isportant  source  of  nightglow. 
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CALCULATION  OF  IR  PROPAGATION  STATISTICS  IN  THE  EASTERN  ATLANTIC  FOR 
SURVEILLANCE  SYSTEM  PERFORMANCE  ASSESSMENT 

by 

J.M.RIdout 

UK  MOD  ARE  Portsdown 
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United  Kingdom 

The  assessment  of  Infra  Red  Search  and  Track  systems  requires  a  knowledge  of  the 
atmospheric  propagation  conditions  in  the  geographic  region  of  interest  and  how  often 
these  conditions  arise.  One  area  of  interest  to  the  UK  Royal  Navy  is  the  Eastern 
Atlantic  from  the  Iberi:  \  Basin  in  the  South  to  the  Greenland  Sea  in  the  North.  A 
description  of  the  meteorological  conditions  in  this  area  in  terms  of  air  mass  type  has 
become  available  under  NATO,  The  data  have  been  used  with  the  Lowtran  6  computer  program 
to  determine  the  atmospheric  transmissions  in  the  3-5/um  and  8-12/um  bands  and  the  asso¬ 
ciated  occurrence  values  used  to  produce  cumulative  probabilities  of  occurrence  of  a 
given  transmission.  This  data  base  giveB  the  conditions  in  terms  of  air  mass  type  whiah 
may  distort  the  probability  curves.  A  further  meteorological  data  base  is  available 
which  gives  the  atmospheric  conditions  over  a  period  of  several  years  for  Weather  Ship  J 
in  the  West  European  Basin  and  a  subset  of  this  has  been  used  to  provide  a  check  on  the 
above  calculations  for  this  restricted  region.  It  is  shown  that  the  degree  of  corre¬ 
lation  between  the  two  methods  is  reasonably  good  and  that  UBing  the  air  mass  type  of 
approach  is  satisfactory.  The  effect  of  the  calculated  probability  curves  in  sub  regions 
of  the  Eastern  Atlantic  region  on  the  selection  of  IR  surveillance  systems  is  indicated. 

INTRODUCTION 

The  assessment  of  the  performance  of  an  IR  surveillance  system  for  use  on  Naval 
vessels  is  necessary  before  the  decision  to  include  the  equipment  within  the  sensor  suite 
is  made,  in  the  case  of  the  development  of  a  new  system  this  assessment  must  be  made  by 
modelling  the  expected  performance  against  a  number  of  targets  in  a  specified  scenario. 
One  output  required  is  the ' percentage  of  time  the  system  will  achieve  a  given  detection 
range  against  a  given  target.  In  order  to  provide  this  information  it  is  necessary  to 
have  an  estimate  of  the  atmospheric  transmission  as  a  function  of  occurrence.  The 
transmission  is  normally  calculated  using  the  Lowtran  computer  program  and  hence  this 
requirement  is  translated  into  a  need  for  the  weather  statistics  for  the  geographic 
region  of  interest.  The  transmission,  and  hence  the  performance  can  vary  both  with 
the  spectral  band  used  and  the  specific  locality  in  a  general  geographic  area.  In 
one  area  of  interest  to  the  Royal  Navy,  the  Eastern  Atlantic,  the  conditions  vary  from 
the  relatively  warm  Iberian  Basin  to  the  cold  Greenland  Sea.  Thus  a  large  number  of 
different  calculations  are  required  to  fully  characterise  the  performance  and  any  method 
of  reducing  the  total  Amount  of  data  which  is  considered  1b  welcome. 

TRANSMISSION  CALCULATIONS 

The  largest  amount  of  data  needed  is  that  to  calculate  the  transmission  statistics 
since  small  areas  need  to  be  considered  and  the  probability  of  the  occurrence  of  specific 
conditions  is  required.  The  direct  way  of  obtaining  the  latter  information  is  to  perforin 
a  largo  number  of  transmission  calculations  using  observed  weather  conditions  and 
analysing  the  resultant  transmissions.  If  a  number  of  areas  are  required  this  may 
involve  the  calculation  of  many  thousands  of  transmissions . 

Canada  has  recently  been  involved  In  a  task  which  allows  another  approach  to  the 
problem.  The  weather  records  of  various  areas  have  been  examined  and  the  conditions 
ascribed  to  a  set  of  air  mass  types  along  with  the  frequency  of  occurrence  of  these  types 
of  air  mass.  The  source  air  mass  types  considered  in  the  North  Atlantic  are  Maritime 
Tropical,  Maritime  Polar,  Continental  Arctic,  Maritime  Arctic  and  Cold  Maritime  Arctic. 
These  air  masses  will  be  modified  as  they  cross  the  region  from  their  sour' o  and  combi¬ 
nations  of  two  or  more  different  air  masses  are  also  considered.  Also  ascribed  to  these 
air  masses  in  each  region  is  s  typical  sat  of  values  for  pressure,  temperature,  wind 
speeds  etc.  Care  has  to  be  taken  in  this  process  to  make  sure  that  the  occurrence  of 
precipitation  in  the  ascribed  data  is  consistent  with  the  expected  frequency.  It  is  thus 
possible  to  .use  this  set  of  weather  parameters  to  calculate  the  atmospheric  tranumission 
and  to  use  the  frequencies  of  occurrence  to  provide  the  probabilities  of  certain  trans¬ 
missions  occurring. 

This  type  of  calculation  uses  only  a  small  number  of  different  conditions  and  each 
condition  is  ascribed  a  particular  set  of  values  and  the  question  arises  as  to  whether 
the  resultant  occurrence  ctatlstice  approximate  to  the  real  world.  A  check  on  this  is 
poeeible,  at  least  in  one  'imall  area  of  interest.  The  Canadian  data  is  available  for 
Weather  Ship  J  in  tha  West  European  Basin  and  corresponding  observed  weather  data  is 
available  covering  a  number  of  years  observation  at  hourly  intervals  from  the  UK 
Meteorological  Office.  Two  sets  of  calculations  were  performed,  one  based  on  the  air 
mass  type  approach  and  the  other  for  a  subset  of  the  direct  data  collected  during  1973. 
The  program  used  was  Lowtran  6  in  a  horisontal  path  transmission  mode  with  the  Navy 
Maritime  Aerosol  model  selected.  A  modification  was  made  to  the  aerosol  model  as  advired 
by  the  authors  for  high  wind  speed  conditions.  One  problem  with  this  aerosol  model  is 
the  requirement  for  an  air  mass  number  (not  to  be  confused  with  the  air  mass  type 
referred  to  above)  which  <s  not  directly  contained  in  either  weather  data  base.  A 
precursor  program  was  used  to  estimate  the  air  mass  number  from  a  consideration  of  the 
available  data  by  ensuring  that  the  effects  of  visibility,  wind  speeds  and  precipitation 
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were  consistent.  Although  tho  correct  selection  of  this  parameter  is  essential  to  obtain 
accurate  transmission  calculations,  any  error  is  present  in  both  calculations  and  should 
not  change  the  conclusions. 

The  result  of  this  comparison  is  presented  in  Fig  1  which  shows  the  cumulative 
probability  of  a  given  transmission  being  bettered  versus  the  log  of  the  transmission 
over  20  km  for  the  average  3-5/um  and  8-12/um  bands. 


Fig  2.  Average  transmission  In  the  Fastern  Atlantic 


It  can  be  seen  that  although  there  are  some  discrepancies  the  overall  agreement  Is  satis¬ 
factory.  some  of  the  fluctuations  in  the  air  mass  type  results  may  be  due  to  the  small 
number  of  weather  scenarios  considered,  in  this  case  26,  but  for  assessment  purposes  this 
typo  of  calculation  will  provide  adequate  information. 

EASTERN  ATLANTIC  TRANSMISSION 

The  air  mass  weather  description  for  the  Eastern  Atlantic  area  covers  six'  sub- 
regions  from  the  Iberian  Basin  in  the  south  to  the  Greenland  Saa  in  the  north.  The 
atmospheric  transmission  has  bsen  calculated  as  described  above  for  each  of  these 
regions.  The  average  20  km  transmission  over  the  complete  region  is  ehown  in  Fig  2. 


Fig  1.  Weather  ship  J  data  comparison 


The  8-12/um  transmission  is  better  than  the  3-5/um  transmission  with  transmissions  better 
than  2.0E-3  (equivalent  to  an  extinction  coefficient  of  0.3/km)  occurring  for  80%  of  the 
time.  A  transmission  of  10%  occurs  for  8%  of  the  time  in  the  3-5/um  band  and  36%  in  the 
8  -i2/um  band.  This  result  does  not  give  the  full  picture  however  and  the  extreme  sub- 
regions  are  given  in  Figs  3  and  4. 
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Fig  3.  Transmission  in  the  Greenland  Sea 


20KM  TRANSMISSION  L0WTRAN6 


l-Sua  i-fiun 

CUMULATIVE:  PROBABILITY 


LOO  TRANSMISSION 


Fig  4,  Transmission  In  t ho  Iborlan  Basin 


In  tha  cold  Greenland  Saa  tha  8-12/um  band  has  better  transmission  than  the  3-5/um  band 
but  both  bands  have  a  lower  transmission  for  a  higher  percentage  of  the  time  than  the 
average  region.  This  sub-ragion  howavar  has  a  good  transmission  in  better  weather  condi- 
tiona  although  these  do  not  ocaur  often.  Transmissions  of  101  occur  for  18%  of  the  time 
in  the  3-li/ura  band  and  50%  in  tha  8-12/um  band.  The  transmissions  of  each  band  in  the 
warmer  Iberian  Basin  aub-ragion  are  aimllar  with  tha  3~5/um  band  having  a  value  cloee  to 
tha  average  but  tha  8-12/um  band  transmissions  being  reduced.  Tha  derived  curves  cross 
each  other  in  a  time  fashion  and  this  probably  due  to  the  restricted  number  of  cases 
considered  in  this  region  but  some  change  is  expected  as  each  band  is  dependant  upon 
different  quantities  in  the  calculation.  This  changa  of  relative  transmissions  between 
the  bands  will  affect  the  performance  of  systems  based  upon  one  or  other  of  the  bands 
acaording  to  the  specif io  region  of  interest.  It  is  therefore  not  sufficient  just  to 
consider  a  wide  area  auch  as  tha  Eastern  Atlantic  when  defining  the  weather  conditions 
expected  but  also  the  variations  within  that  region. 

PERFORMANCE  CALCULATIONS 

The  performance  of  Infra  Rad  Search  and  Track  (IRST)  systems  !  c  \culated  in  a 
number  of  steps  starting  with  an  assumed  source  emission  followsd  transmission 

through  the  atmosphere  end  finally  a  convaraion  from  irradiance  co  r*.  :  to  probability 
of  detection  ualng  date  relevant  to  the  particular  IRST.  Calculati  'ns  f. or  a  supersonic 
target  were  performed  In  the  Greenland  Sea  and  Iberian  Basin  regions  Jor  a  dual  band 
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IRST.  The  data  assumed  for  ths  IRST  was  purely  generic  and  Is  not  representative  of  any 
system  or  best  achievable  design.  However  the  relative  sensitivities  in  each  band  are 
correct  to  allow  comparison  of  atmospheric  transmission  differences  in  the  two  bands. 

Fig  5  shows  the  cusiulative  probability  of  the  SOI  probability  of  detection  at  a  given 
range  against  range.  No  modification  has  been  made  to  the  range  for  horizon  cut-off,  it 
being  assum'd  that  an  infinite  horisontal  path  length  is  available. 
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Fig  5.  Performance  against  a  supersonic  target  in  the  Greenland  Sea 


The  8-12 /um  band  has  a  superior  capability  in  this  geographic  region  even  against  a 
supersonic  target  which  favours  the  3-5 /um  band.  The  equivalent  performance  in  the 
Iberian  Basin  is  given  in  Pig  6. 
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Fig  6.  Performance  against  a  supersonic  target  in  the  Iberian  Basin 


Here,  at  least  during  the  better  weather  conditions,  the  performance  is  similar  in  both 
wavebands.  If  a  warmer  geographic  area  was  considered  it  is  probable  that  the  3-5/um 
band  could  become  better  than  the  8-12/um  band  most  of  the  time. 

The  detection  range  ia  a  function  of  the  source  strength  and  size,  the  IRST  spatial 
resolution  and  the  atmospheric  transmission.  In  this  instance  the  transmission  can  cause 
a  variation  in  the  detection  range  of  about  a  factor  of  four.  In  order  to  provide  an 
accurate  description  of  performance  of  the  IRST  it  i»  not  sufficient  to  use  a  worst  case 
and  a  best  osse  transmission  scenario  as  these  would  produce  aimilsr  results  in  both 
regions.  A  number  r-F  transmission  values  are  needed  to  evaluate  the  ercantage  of  time 
that  detection  rang  j  required  for  effective  countermeasures  can  be  >. chieyed.  Although 
not  specifically  addressed  here,  this  information  is  required  in  spectrally  resolved 
form  to  allow  for  the  correlation  between  the  emission  Bource  and  the  absorbing  species 
in  the  atmosphere  and  the  npectral  bandwidth  of  the  IRST.  The  wide  variation  in  the 
calculated  detection  range  with  different  weather  conditions  means  that  a  number  of 
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calculations  are  required  to  provide  an  adequate  indication  of  performance  under  all 
operating  conditions.  The  use  of  air  mass  type  descriptions  of  the  weather  occurring  at 
each  geographic  location  means  that  such  performance  curves  for  a  particular  location  may 
be  assessed  from  a  few  tens  of  transmission  calculations  rather  than  the  few  hundreds  of 
individual  calculations  needed  to  provide  adequate  statistics  from  direct  observations  of 
conditions.  The  problem  is  further  aggravated  by  the  need  to  consider  the  actual  band¬ 
pass  of  the  IRST  which  may  produce  very  different  transmission  characteristics  than  the 
full  average  3-5/um  or  8-12/um  band.  The  use  of  the  relatively  small  number  of  weather 
situations  in  the  air  mass  type  approach  however  does  allow  the  possibility  of  a  library 
of  apectral  transmissions  reducing  the  calculations  needed  for  parametric  studies  of  IRST 
characteristics . 

CONCLUSIONS 

The  need  to  consider  small  geographic  regions  when  calculating  the  expected  perfor¬ 
mance  of  IRST  systems  has  been  demonstrated.  This  need  implies  that  many  transmission 
calculations  are  required  to  describe  the  availabilities  of  the  IRST  in  all  these  regions 
and  that,  to  make  the  problem  tractable,  a  reduction  in  the  amount  of  data  is  required. 
The  availability  of  an  mass  type  description  of  the  weather  provides  such  an  opportunity 
but  the  adequacy  of  these  descriptions  is  open  to  question.  Calculations  have  Bhown  that 
in  one  geographic  area  the  results  of  such  a  deacription  are  adequate  and  providing  the 
partitioning  is  hot  coarse  other  regions  should  be  the  same. 

Performance  calculations  for  a  generic  IRST  have  demonstrated  that  choice  of 
waveband  or  the  need  for  a  dual  waveband  can  only  be  made  if  all  operational  areas  are 
considered  in  a  fine  enough  detail. 
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ABSTRACT 

1 1 oc tro-opt let) I  weapon  system  developers  and  usors  must  know  the  smoke/obcc urant 
countermoasuro  transm  I  ttanco  levels  roqulrod  to  dofeat  their  systems.  This  Information 
Is  roqulrod  In  order  to  cstabl Ish  both  operational  smoko  screen  requirements  and  system 
scenario  applicability.  Transmittance  data  acquired  In  field  tests  such  as  the  Smoke 
I'/oak  tests  held  by  the  Project  Manager,  Smoko/Obscurants  have  boon  developod  for  this 
purpose.  Narrow-band  transmittance  data  can  be  analyzod  using  tho  Boor-Bouguer 
transmittance  Inw  to  evaluate  the  performance  of  narrow-bond  electro-optical  weapon 
systems  such  as  laser  rangefinders.  Howover,  broadband  transmittance  data  for  smokos 
such  ns  phosphorus,  fog  oil,  and  dust  In  the  visible,  3-  to  5-pm,  or  8-  to  12-pm  bonds 
cannot  be  evaluated  directly  using  Hie  Boor-Bouguor  transmission  law  for  broadband 
electro-optical  systoms  such  as  F  L I R  s .  A  broadband  1 1 ansm  I  ttanco  moosuroment  averages 
over  tho  atmospheric  spoctrum,  tho  source  spectrum,  tho  sonsor  datoctor/ f I  I tu r  spoctiel 
response,  and  the  mass  extinction  spoctrum  of  the  smoko/obscurant.  Tho  source  spoctrum 
and  dotector/ f 1  I  tor  response  of  a  broadband  e I octro-opt  I ca I  weapon  system  may  be 
radically  different  from  thnt  of  o  trunsml  r.somotor  used  to  acquire  field  tost  data. 
Therefore,  broadband  trnn r,m I ttunco  thnt  tho  ol octro-opt lea  I  woupon  sonsor  obsorves  tor 
a  particular  smoko  typo  and  concentration  length  can  bo  radically  different  from  thut 
measured  by  a  broadband  t ran sm I s somot or  along  the  same  I  Inn  of  sight,  A  method  tor 
transforming  f I e 1 d-measurod  transmittance  data  Into  oqulvalnnt  electro-optical  systom 
transm I ttanco  Is  roqulrod.  The  t ran sm I ssomat er  systom  analysis  dovolopod  In  tho  Project 
Manager,  Smoke/Gbscurents  TPAMSm  I  ssomoter  VALIdatlon  (TRANliVAL)  program  hus  provided 
tho  basis  for  developing  such  a  method.  This  paper  describes  the  method  dovolopod  In 
the  TRANSVAL  program  for  computing  oqulvalunt  broadband  o I ocl r o-opt I co I  sonsor 
transmittance  from  field  test  data.  It  Is  shown  that  bond  averagos  of  the  mass  extinction 
coefficient  used  with  the  Boor-Bouguor  transmission  law  do  not  yield  correct  ostlrnotus 
of  equivalent  e 1 cctro-opt lea  I  system  transmittance.  Examplus  sru  provided  to  Illustrate 
tho  kinds  of  errors  that  can  arise  If  sensor  performance  Is  Incorructly  Inturprotud  using 
field  test  data. 

I.  INTRODUCTION 

The  Project  Menagor,  Smoke/Obscurunts,  aided  by  the  U.S.  Army  Atmospheric  Sciences 
Laboratory,  has  sponsored  an  ongoing  TRANSm I s somotor  VALIdatlon  (TRANSVAL)  program  to 
Identify,  roduco,  or  el  Imlnate  transm I ssometer  data  I  neon s I  stone  i  os .  A  primary  objective 
of  the  TRANSVAL  program  hos  boon  to  develop  a  methodology  for  expressing  transmittance 
values  measured  by  one  system  In  terms  of  those  measured  by  another.  Slnco 
transm I s somet or  systoms  are  radiometers  designed  to  measure  signal  at+onuutlon,  tho 
method  dovelopnd  here  for  expressing  transmittance  response  for  different  Instruments 
applies  In  general  to  a  numbor  of  electro-optical  (E0)  weapon  systoms,  such  os  FLIRs, 
that  depond  on  radiometric  responses  for  system  operation.  Thus,  for  example,  tho 
transmittance  of  e  smoke  screen  moosurod  by  a  partlculor  transm I ssometer  systom  can  be 
transformed  Into  the  transmittance  observed  by  a  FLIP:  operating  In  tho  samo  spectral 
band . 


Our  proposed  method  Is  structured  1)  to  provide  Information  for  electro-optical 
system  developers  who  must  estimate  how  well  a  systom  con  porform  against  military 
snoke/ohscurant  countermeasures,  and  2)  to  parallel  tho  methods  original  iy  dovolopod  tor 
evaluating  E0  system  performance.  To  describe  the  proposed  method,  the  original  approach 
used  for  evaluating  E0  system  performance  against'  smokes/obscurants  Is  first  discussed, 
and  the  limitations  In  this  approach  aru  described.  Next,  characteristics  of 
transmittance  measurements  In  field  testa  for  the  measurement  of  smokes/  obscurants  ore 
reviewed,  and  It  Is  shown  why  these  measurements  cannot  be  used  directly  to  ovoluete  E0 
system  performance  characteristics.  Tho  method  for  rolatlng  the  field  transm I ttanco 
measurements  to  10  systom  performance  Is  than  described.  An  oxomp I e  Is  provided  to 
Illustrate  the  source  and  magnitude  of  potential  differences  In  measured  transmittance 
that  make  the  proposed  method  necessary  for  the  analysis  of  date. 

2.  ORIGINAL  METHOD  FOR  SPECIFYING  ED  SYSTEM  PERFORMANCE  AGAINST  SMOKES/OBSCURANTS 

The  original  approach  to  specifying  E0  system  performance  against  smokes/  obscurants 
assumed  that  the  Baor-nouguer  transmission  law  directly  applied  to  the  transmittance 
data.  The  Ueor-llouguor  transmission  law  can  bo  written  asi 


(t) 


T(X)  -  e-“^>CL 

whereafA)  Is  the  mass  extinction  coefficient  (mean  extinction  cross  section  per  mean 
particle  mass),  and  Cl  Is  the  concentration  length  product.  Nearly  all  th6  original 
analyses  assumed  that  the  mass  extinction  coefficient  was  Independent  of  time  and  that 
It  could  ba  used  as  a  figure  of  merit  for  evaluating  the  relative  attenuation  capability 
of  different  smoke  materials.  During  tests  such  as  th®  Smoke  Weeks  provided  by  the 
Project  Manager  for  Smoke/Obscuronts,  EO  system  developers  could  ecqul/e  system 
performance  data  relative  to  the  obscuration  capability  of  realistic  concentrations  of 
smokes/obscurants.  System  performance  was  determined  by  the  times  and  time  intervals 
during  which  the  system  could  not  adequately  function.  The  EO  system  operator  determined 
when  the  system  did  not  function  through  design  criteria  developed  specifically  for  the 
system.  Attempts  were  made  In  these  tests  to  assure  alignment  of  the  EO  system  with  a 
t ran  sm 1 ssometer  line  of  sight  or  with  a  linear  array  of  mass  samp  I Ing  devices.  The  Beer- 
Bouguer  law  was  assumed  to  apply  to  the  measured  transm I ttances.  If  the  mass  extinction 
coefficient  for  the  smoke/ob scu rant  used  In  a  test  was  known,  then  the  Beer-Bouguer  law 
could  be  used  to  provide  CL  values  as  a  function  of  time,  t,  through  the  following 

expr  ess  Ion: 


If  t Ime- I ntegrated  Cl  (called  dosage,  D)  was  measured,  then  mess  extinction 
coefficients  could  be  determined  as  follows! 


rt' 

-j  ln(T(X,t))dt 

a[X)  -  - p -  <3> 

1l1Am)JtC,(t)dt 

Mere,  Al ( I )  Is  the  path  Increment  between  dosimeters  (typically  3  m).  The  EO 
system's  performance  relative  to  smoke/obscurant  concentration  length,  determined  using 
either  I Inear  arrays  of  concentration  measuring  devices  or  by  transmittance  measurements 
lining  Eq.  (2),  was  then  plotted  as  a  function  of  time  using  bar  charts  of  the  type 
Illustrated  In  Figure  1,  Once  CL  thresholds  for  system  performance  were  established, 
smoke  screen  transport  and  diffusion  models  could  be  used  to  estimate  how  the  EO  system 
would  perform  under  conditions  not  encountered  or  produced  In  field  tests.  Smoke 
production  analysts  could  thon  estimate  the  materiel  and  logistics  requirements  tor 
producing  an  adequate  smoke  screen  using  the  materials  and  EO  systems  evaluated  In  the 
tests.  It  was  recognlied  early  In  the  program  that  this  system  evaluation  approach  would 
be  sotlsfactory  for  narrow-band  systems  such  es  laser  rangefinders,  but  that  the  mass 
extinction  coefficient  for  broadband  EO  systems  must  be  Interpreted  as  an  average. 

Since  transml sBometers  were  operated  In  bends  similar  to  those  of  the  EO  systems 
and  the  transm I ssomaters  and  linear  mass  measuring  arrays  were  used  to  experimentally 
determine  mass  extinction  coefficients.  It  was  assumed  that  the  approach  would  still 
apply  to  broadband  systems  If  the  appropriate  exper Imentel I y  measured  mass  extinction 
coefficient  wore  used  with  the  experimentally  measured  CL  values.  Unfortunotel y,  the 
latter  assumption  has  been  found  Incorrect,  end  leads  to  erroneous  system  performance 
estimates  and  logistical  supply  requirements  for  EO  system  smoke/obscurant 
countermoosures ,  The  Beer-Bouguer  transmission  lew  cannot  be  directly  applied  to  the 
Interpretation  of  broadband  transmittance  measurements j  the  Beer-Bouguer  transm I ttence 
must  be  averaged  over  the  spectral  characteristics  of  the  specific  system  making  the 
measurement  and  the  atmosphere  In  which  the  broadband  transmittance  was  measured. 

Broadband  transmittance  relative  to  that  In  clear  air  for  normally  operating 
transml isometers  or  EO  systems  attempting  to  operate  through  smokes/obscurants  Is  given 
byi 


T(t>t,)  - 


£  «xp[-a(A)  C(z,t>t0)dz jp{>>f(X)F(A)A(AJO(X)dA 


£  P(X)f(A)F(A)A(AJO(Jk)dA 

where  the  functions  of  A,  P<),  f{),  FO,  A(),  end  01),  are  the  source  power,  spectral 
transmission  of  the  system  filter,  detector  response,  atmospheric  trunsm Ittence,  and 
optical  system  transmission  respectively.  Equation  (4)  shows  that  broadband 
transmittance  Is  on  average  of  the  Beer-Bouguer  t ronsm 1 ttance  over  the  spectral 
characteristics  of  the  transm I ssometer  system  making  the  measurements  or  the  EO  system 
operating  agolnst  the  smoke  screen.  Unless  f(A),  F(A),  A(A),  end  0(,\)  are  the  same  for 
both  the  transmlseometer  and  the  EO  uystem,  the  effective  transmittance  values  through 
a  smoke  screen  with  a  glvon  OL  value  cannot  be  expected  to  be  the  same  for  both  devices. 
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Figure  1.  System  performance  data  a*  raportad  for  Smoke  Week  II. 


Analysis  of  ni  u  1 1 1 spoctra I  smoke/obscurant  transmlssometer  data  In  tho  U.S. 
Atmospheric  Aerosol  and  Optics  Data  Library  (AAODl)  shows  that  In  o  numbor  of  cases  tho 
data  cannot  ba  Interpreted  with  a  direct  application  of  the  Beer-Bouguer  transmission 
lew  (Farmer  at  ol,,  1987).  Different  tran sm I ssometer  systems  operating  In  tho  same 
spectral  band  and  along  nearly  tho  same  line  of  slghl  can  produce  dota  for  the  same 
smoke  screen  thet  may  disagree  by  as  much  as  a  factor  of  ten.  These  data  have  shown 
evidence  of  temporal  end  spatial  variations  In  the  apparent  mass  extinction  coefficient, 
nonlinear  photod*tec+or  response,  sensitivity  to  the  atmospheric  environment  In  which 
the  data  aro  acquired,  end  noise  levels  (data  scatter)  that  are  much  higher  than  that 
normally  expected.  The  environmental  factors  that  can  affect  transm  I  ssometer 
performance  Include  path  radiation  between  tha  transml ssometer  transmitter  and  receiver, 
background  radiation  In  both  visible  and  Infrared  bands,  and  temporal  frequency 
variations  due  to  optical  turbulence.  Therefore,  It  should  be  expected  that  EO  system 
performance  cannot  be  directly  I nterpretab I e  with  existing  transmlssometer  data.  Tho 
equivalent  EO  system  transmittance  must  be  expressed  In  terms  of  the  system's  spectral 
rosponse  using  either  Eq.  (4)  or  more  general  equations  such  as  are  found  In  the  TRANSVAL 
summary  report  (Farmer  et  al,,  1909). 

3.  PROPOSED  METHOD  FOR  RELATING  BROADBAND  EO  SENSOR  PERFORMANCE  TO  BROADBAND 
TRANSM I SSOMETER  MEASUREMENTS  OF  SHOKES/OBSCURANTS 

Assume  that  a  broadband  mg  1 1 1  spectra  I  transmlssometer  data  sat  from  a  smoke/ 
obscurant  trial  contains  transmittance  date  for  both  broad  and  narrow  banda.  For  example, 
a  typical  mu  1 1 1  spectra  I  transm I ssomater  aystem  acquires  data  In  vloual,  1.06-pm,  3-  to 
3-pm,  and  8-  to  12-ftm  bunds.  The  1.06-gm  band  Is  a  narrow  one,  and  In  some  cases  the 
visual  band  can  be  considered  narrow.  Tho  optlcol  depth  r  tor  a  spectral  band  Is  defined 
eccordlng  tot 


r  -  -ln(T(AX)) 


(5) 


Since  a  mu  1 1 1  spectra  I  transm I ssometer  acquires  data  simultaneously  In  Its  various 
spectral  bands,  a  regression  analysis  can  be  performed  that  eliminates  the  time 
dependence  of  the  transmittance  data  and  relates  optical  depth  In  one  band  to  that  In 
another.  The  optical  depth  regression  yields  relationships  between  optical  depths  In 
the  various  spectral  bends  In  the  forms 

t(1)  -  b(r(2>)*  (6) 

where  r(1)  and  t(2)  are  the  optical  depths  for  spectral  bands  1  and  2  respectively,  end 
a  and  b  are  constants  produced  by  the  regression  analysis.  The  optical  depth  for  a  narrow 
spectral  band  can  be  defined  In  terms  of  the  Beer-Bouguer  transmission  law  (Eq.  (1>> 
parameters  according  to; 

/■KMC) 

t(A\)  -  tt(AA)  J  C(Z,t)dZ  (7) 

where  C(Z,t)  Is  the  mass  concentration  as  a  function  of  position  Z  In  the  smoke,  t  Is 
time  as  defined  previously,  Z(SMK)  Is  the  pethleng+h  through  the  smoke/obscurant, 
and  nlAX)  Is  the  mass  extinction  coefficient  for  the  band,  AX.  All  spectral  responses 
Involved  In  the  measurement  process  are  used  to  "average"  the  measured  transm Ittances 
ovar  the  band.  When  the  mass  extinction  spectrum  Is  narrow  relatlvs  to  the  spectral 
characteristics  of  the  measurement  system,  virtually  no  spectral  averaging  occurs,  and 
the  transmittance  Is  given  by  the  Beer-Douguer  transmission  law.  When  the  optical  depths 
In  two  narrow  spectral  bends  are  regressed,  a  "  I  In  Eq.  (6),  and  b  Is  the  ratio  of  the 
mass  extinction  coefficients  for  bends  1  and  2.  When  the  mass  extinction  spectral  band 
Is  wide  relative  to  the  spectral  characteristics  of  the  transm! ssometer  system,  the 
Beer-Bouguer  transmittance  Is  "averaged"  over  the  spectral  characteristics  of  the 
transmlssometer  using  Eq.  (4).  Choosing  spectral  band  1  In  Eq.  (6)  to  be  that  tor  a 
narrow  spectral  band  makes  the  mass  extinction  coefficient  a  constant, al  and  the  optical 
depth  for  the  broad  spectral  band,  which  will  be  called  AX,  Is  given  by: 


In  Eq.  (8),  g  Is  the  concentration  length  defined  by  tho  Integral  In  Eq.  (7). 

Therefc-e  the  broadband  transmittance  can  be  written  using  Eq.  (8)  to  express  the 
optical  depth  In  Eq.  (5).  Taking  the  antllog  for  tho  transmittance,  wo 


T(AA)  *  exp 


(9) 


Equation  (9)  Is  the  experimental  expression  for  the  band-averaged  transm I ttenco . 
Equation  (4)  provides  a  form  of  tha  theoretical  expression  for  T(AA).  When  the 
assumptions  leading  to  Eq.  (4)  apply,  then  the  right-hand  side  of  Eq.  (9)  can  bo  equaled 
to  the  right-hand  side  of  Eq.  (4). 

The  concentration  length,  g.  Is  Independent  of  wavelength.  Therefore,  both  Eq.  (4) 
and  Eq .  <9)  can  be  Integrated  from  0  to  Infinity  with  respect  to  g  to  eliminate  the 
functional  dependence  on  g.  The  result  of  the  Integration  Is; 
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where  +  I  s  g  I  van  by i 


f (#(CA,X)/aa(Xj)dA 
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and  Ha)  Is  a  gamma  function  of  argumant  a.  The  function  *(CA,A)  Is  given  by  P(A)  f  <  X ) 
FIX)  A(X)  0(A).  Equation  (10)  shows  that  the  Integral  of  the  ratio  of  the  clear-alr 
spectral  response  of  the  system  to  the  mass  extinction  coefficient  spectrum  Is  ths 
primary  mechanism  that  affects  the  a  and  b  constants  In  the  curve  fit.  Solution  of  Eq. 
(10)  for  a  and  b  after  computing  Eq.  (11)  can  be  accomplished  by  Iterative  computations 
for  the  quantity  a  after  calculating  b.  An  expression  for  b  can  be  found  by  solving  Eq. 
(4)  for  g  «  1  Xa,.  (This  value  of  g  makes  the  narrow-bend  optical  depth  1.) 

The  conatants  a  and  b  are  In  general  unique  for  a  particular  trensml ssometer  system 
and  atmospheric  tranam I ttance.  Once  computed  for  the  transmlssometer  end  for  the  test 
In  which  the  transmlssometer  was  ustd,  they  can  be  a p p I  led  to  the  measured  transmittance 
to  obtain  a  value  of  the  concentration  length  using  Eq,  (9)  In  the  form: 


(12) 
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This  value  of  concentration  length  Is  Independent  of  the  transml ssometer  system  that 
measured  It.  A  detailed  knowledge  of  the  mass  extinction  spectrum  over  the  band  of 
Interest  Is  required  In  order  to  compute  the  constants.  Ideally,  the  problem  Is 
simplified  by  using  a  narrow  band  to  estimate  tho  concentration  length.  In  which  case 
the  Beor-Flouguor  law  can  be  applied.  Unfortunately,  tho  narrow-band  wavelengths  often 
have  olthor  too  much  or  too  little  sensitivity  for  the  smoke/obscuront  concentration 
lengths  measured  In  flold  trials,  and  broadband  data  must  be  used, 

After  the  establ I shment  of  the  experimental  value  of  the  concentration  length,  tho 
equivalent  transmittance  for  any  system  of  Interest  can  be  computed  by  applying  the 
spoctral  response  of  the  systom  In  the  equations  used  to  compute  a  and  b.  The  constants 
a  and  b  for  the  system  and  the  mass  extinction  coefficient  for  the  narrow  band  then  fully 
spoclfy  how  the  systom  should  perform  for  a  given  concentration  length. 

4.  EXAMPLES  OF  BAND-AVERAG I NG  EFFECTS  ON  MEASURED  TRANSMITTANCE 

Section  3  discussed  a  method  for  extracting  concentration  length  data  from  band- 
averaged  transmittance  data.  In  addition  to  showing  that  optical  depth  regression  plots 
for  band-averaged  transmittance  data  can  be  nonlinear,  Eq.  (4)  has  further  Implications. 
In  this  section,  we  provide  examples  to  Illustrate  the  care  that  must  be  exercised  In 
Interpreting  band-averaged  transmittance  data.  We  also  Illustrate  the  application  of 
such  data  In  evaluating  EO  system  performance  against  smokes  once  concentration  lengths 
are  determined.  We  consider  the  effects  that  differences  In  source  spoctra  have  on  the 
roletlve  transmittance  through  a  smoko  with  spectral  structure  In  Its  mass  extinction 
coefficient.  In  order  to  develop  on  understanding  of  the  physical  principles  that  affect 
the  transmittance  In  one  example,  approximations  are  made  for  the  sourco  spoctra  and  for 
the  mass  extinction  coefficient  that  allow  the  Integrations  roqulred  by  Eq.  (4)  to  be 
performed  analytically  In  closed  form.  In  the  second  example,  we  use  measured  moss 
extinction  spectra  for  phosphor u s-dor I vod  smoke  with  the  same  source  spoctra  os  In  the 
first  example. 

Assume  that  two  tran sm I ttanco  measurements  are  made  under  Identical  circumstances. 
Assume  that  the  same  flltor,  f(A),  detoctor,  F(A),  and  optical  system  transmittance 
spectral  responses  apply,  and  that  these  responses  are  Independent  of  wavolength,  Assumo 
also  that  the  atmosphorlc  transmittance  Is  Independent  of  wavelength. 

4.1  APPROXIMATIONS  TO  SOURCE  SPECTRAL  DISTRIBUTION 

Let  the  first  sat  of  measurements  employ  a  black-body  sourco  operating  at  300  K 
(27  *C).  This  source  temperature  Is  approximately  what  might  bo  encountered  from  a 
military  target  such  os  a  tank  at  normal  operating  temperature.  Let  the  second  set  of 
measurements  employ  a  black  body  source  operating  at  1773  K,  This  sourco  temperoturo  Is 
comparable  to  that  commonly  found  In  transm I ssometer  systoms  used  In  smoke/obscuront 
field  tests . 

The  radiant  power  produced  by  a  block  body  Is  given  by  the  Planck  function  as! 

P(X,T)  -  r - — -  <  >3) 

X5(exp(C,AT)  -  1) 

whore  C,  and  C,  are  constants  and  T  Is  tho  sourco  temperature  In  Kelvin.  In  the  case 
of  the  300-K  source  temperature,  and  for  wevelongths  up  to  12  urn,  the  Weln  approximation 
to  tho  Planck  function  applies  and  Is  given  by: 


P(M)  = 


X5 


(14) 


In  the  case  of  the  1773-K  source  temperatures,  and  for  wevelongths  down  to  2  to 
3  pm,  the  Ray  I e Igh-J eans  approximation  to  tho  Planck  function  applies  and  Is  given  byi 


4.2 


P(X.T) 


(Ca/C))T 

A4 


APPROXIMATION  FOR  THE  MASS  EXTINCTION  COEFFICIENT 


(15) 


For  tha  first  example,  and  using  a  closed-form  analytical  solution  for  the  band- 
averaged  transmittance,  assume  that  the  particle  size  distribution  of  the  smoke/obscurant 
Is  ouch  that  the  extinction  efficiency  of  the  smoko/obscurant  materiel  can  be 
approximated  by  a  linear  function  given  byi 
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( 1  6) 


where  C,  Is  a  constant  specifying  the  slope  of  the  extinction  efficiency  ovor  the  range 
of  the  approximation  and  D  is  the  particle  diameter. 

This  approximation,  first  used  by  Chylek  for  water  fogs  (Chylek,  1978),  has  been 
found  to  be  reasonably  accurate  for  middle  and  far  Infrared  extinction.  This 
approximation  also  applies,  with  less  accuracy,  to  smokes  such  as  fog  oil  or  anthracene 
when  absorption  bands  are  Ignored.  The  mean  extinction  cross  section  with  this 
approximation  can  be  shown  to  be: 


a  - 


4X 


(17) 


where  m3  Is  the  third  moment  of  the  particle  size  distribution,  and  Is  proportional  to 
the  particle  volume.  The  mean  particle  mass  Is  given  by: 


«  -  |  PJh  < 1 6 ) 

where  P.  Is  the  particle  material  density.  The  mass  extinction  coefficient  Is  defined 
as  the  ratio  of  mean  extinction  cross  section  to  mean  particle  mass.  Computing  the  mass 
extinction  coefficient  using  Eqs.  (17)  and  <  1 8 )  yields: 

1 . 5*Cj 

aW'-»r  (,9) 


4.3  RELATIVE  TRANSMITTANCE  TOR  300-K  SOURCE  FOR  THE  MASS  EXTINCTION  COEFFICIENT 
INVERSELY  DEPENDENT  ON  WAVELENGTH 

The  Weln  approximation  for  the  Planck  function,  Eq.  (14),  and  the  approximation  for 
the  mass  extinction  coefficient  In  Eq.  (19)  can  be  used  In  Eq.  (4),  along  with  the 
assumptions  for  system  spectral  response,  to  compute  the  relative  transmittance  for  a 
300-K  source  through  a  smoke  screen  over  a  spectral  band  from  L:  to  A,.  The  result  Is: 


T(AX,300  K)  -  (*]* 

where 

f(X)  -  exp(-X)(X3  t  3X*  t  6X  t  6) 
1.5xC,g 

f  -  +  ? 


1  - 


T 


(20) 


(21  ) 


(22) 


(23) 


4,4  RELATIVE  TRANSMITTANCE  FOR  1773-K  SOURCE  FOR  THE  MASS  EXTINCTION  COEFFICIENT 
INVERSELY  DEPENDENT  ON  WAVELENGTH 

The  Ray  I o  Igh-Jeens  approximation  for  the  Plenck  function,  Eq.  (15),  and  the 
approximation  for  the  moss  extinction  coefficient  In  Eq.  (19)  can  be  used  In  Eq.  (4), 
along  with  the  assumptions  for  system  spectral  response,  to  compute  the  relative 
transmittance  for  a  1773-K  source  through  a  smoke  screen  ovor  s  spectral  band  from  A, 
to  The  resu It  Is: 


.  r  ffcl  11 

n  a,  j 

F 1  A,  JJ 

T(AA,  1773  K) 


(24) 
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where 

F(X)  -  exp(-X)<X*  +  2X  +  2)  (25  > 

4.5  COMPARISON  OF  300-K  AND  1773-K  SOURCE  RELATIVE  TRANSMITTANCES  FOR  THE  MASS 

EXTINCTION  COEFFICIENT  INVERSELY  DEPENDENT  ON  WAVELENGTH 

Equations  (20)  and  (24)  have  been  used  to  compute  relative  transmittance  for 
sources  operating  at  300  K  ;ind  1773  K  over  bands  of  3  to  5  Mm  and  8  to  12  Mm.  It  has 
been  assumed  that  the  specific  gravity  of  the  smoke/obscurant  material  Is  1,  find  that 
the  slope  of  the  extinction  efficiency  Is  1.  The  results  are  shown  In  Figures  2  and  3. 
Figure  2  shows  the  ratio  of  transm I ttances  as  a  function  of  concentration  length,  g,  for 
target  source  temperatures  relative  to  a  source  temperature  of  1773  K  for  the  3-  to 
5-Mm  band;  Figure  3  shows  a  similar  plot  for  the  8-  to  12-msi  band.  The  difference 
between  the  transmlttances  for  the  two  source  temperatures  Is  striking.  Note  that  the 
difference  In  the  3-  to  3-Mm  band  as  a  function  of  g  Is  slightly  greater  than  that  for 
the  8-  to  12-Mm  band.  These  figures  show  that  the  cooler  source  has  a  much  higher 
relative  transmittance  than  the  hotter  source  as  g  Increases.  For  this  example,  these 
results  suggest  that  transmittance  computed  using  measured  g  values  Inferred  from 
transmittance  data  as  suggested  In  Section  2  would  not  be  closely  comparable  to  the 
transmittance  applicable  to  a  typical  E0  weapon  system  target  such  as  a  tank.  In  fact, 
the  relative  transmittance  to  the  tank  would  genera! ly  be  much  higher  than  that  predicted 
by  the  transmlssometer. 

4.6  COMPARISON  OF  300-K  AND  1773-K  SOURCE  RELATIVE  TRANSMITTANCES  FOR  THE  MASS 

EXTINCTION  COEFFICIENT  OF  PHOSPHORUS 

Phosphorus  Is  one  of  the  most  common  sources  of  military  smoke  screens.  An  example 
of  the  spectre!  structure  of  the  mass  extinction  coefficient  for  phosphorus  Is  shown  In 
Figure  4.  for  a  relative  humidity  of  703.  Phosphorus-derived  smoke  Is  hygroscopic.  The 
shape  and  magnitude  of  the  mass  extinction  spectrum  Is  dependent  on  relative  humidity. 
Transmittance  os  a  function  of  concentration  length  has  been  computed  for  phosphorus- 
derived  smoke  at  17<,  S03,  and  903  relative  humidity  and  spectral  source  temperatures 
of  300  K  and  1773  K.  The  same  atmospheric  and  radiometer  response  characteristics  as 
used  In  the  first  example  have  been  assumed.  The  Electro-Optical  Systems  Atmospheric 
Effects  Library  (EOSAEL)  modal,  COMBIC,  uses  band-averaged  mass  extinction  coefficients 
with  the  Boor-Bouguer  transmission  law  to  compute  transmittance  as  a  function  of 
concentration  length.  This  approach  does  not  Include  the  effects  of  source  spectre  or 
system  response  characteristics  In  the  computation  of  t ransm I ttanca,  and  Is  the  method 
commonly  used  for  estimating  band-averaged  transm I ttenco  through  a  smoke  screen.  The 
Beer-Bouguer  transmittance  as  a  function  of  concentration  length  using  a  band-avoraged 
mass  extinction  coefficient  was  Included  In  the  computations  as  a  point  of  reference. 
Figures  5  end  6  show  the  results  of  using  equation  4  to  compute  the  3-  to  5-Mm  band- 
averaged  transmittance  as  function  of  concen fret  I  on  length  through  phosphorus-derived 
smoke  for  relative  humidities  of  173  end  903  and  for  source  temperatures  of  300  K  and 
1773  K.  In  this  band,  the  band-averaged  mass  extinction  coefficient  transmittance 
estimate  besT  approximates  the  band-averaged  transmittance  at  173  relative  humidity, 
1773  K  source  temperature,  and  for  transmittance  greater  than  0.1.  These  effects  are 
revorsod  for  the  8-  to  12-Mm  band  compute)  Ions  shown  In  Figures  7  and  8.  Here, 
agreement  with  the  Beer-Bouguer  transm i ttanca  estimate  using  a  band-averaged  mass 
extinction  coefficient  more  nearly  agrees  with  the  bend-  averaged  transmittance  ut  903 
relative  humidity.  The  differences  In  transmittance  duo  to  source  spectra  at  relative 
humidities  of  173  end  903  are  shown  for  the  3-  to  5-pm  and  8-  to  12-Mm  bands  In 
Figures  9  and  10.  In  Figures  9  and  10,  the  ratio  of  band-averaged  transmlttances  for 
300-K  relative  to  those  for  1773-K  source  temperature  spectra  are  plotted  as  a  function 
of  concentration  length. 

5.  CONCLUSION 

Physically,  the  results  In  both  examples  are  not  difficult  to  understand.  The 
largest  value  of  the  mass  extinction  coefficient  occurs  at  tha  shortest  wavelength  In 
the  band.  Most  of  the  energy  In  the  1773-K  source  occurs  at  the  shortest  wavelength 
In  the  band,  where  the  smoke/obscurent  will  be  most  effective  In  attenuating  the  source 
energy.  Most  of  the  energy  In  lower  temperature  sources  occurs  at  tha  longest 
wavelength,  where  the  mass  extinction  coefficient  Is  the  smallest  In  the  bend  and 
therefore  the  smoke  Is  least  effective.  Therefore,  the  relative  transmittance  of  the 
cooler  target  Is  higher  because  of  the  mismatch  between  source  and  extinction  coefficient 
spectra , 

It  should  be  clearly  understood  Ihet  calculations  In  the  example  where  the  mass 
ext  tnctlon  coefficient  varies  Inversely  with  wavelength  are  not  universally  applicable. 
The  calculations  for  this  example  apply  only  for  the  assumptions  made  for  fhe  analysis 
In  order  that  a  closed-form  Integration  could  be  performed  using  the  band  averaging 
Integrals  In  Eq.  (4)  for  the  relative  t .-ansm  1  ttanca .  Nevertheless,,  the  computation  Is 
reasonable  for  natural  fogs,  and  the  trend  should  also  apply  for  any  obscurant  whose  mass 
extinction  coefficient  varies  approx  I moto I y  Inversely  with  wavelength  In  the  bond  of 
Interest. 
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Flgura  4.  Mass  axtlnctlon  spactrum  for  phosphorus  saoka  at  70#  as  aaasurad  at  Saoka  Maak 
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Flgura  5.  Comparison  to  3-  to  3-pm  transmission  for  black  body  sourca  taaparaturas  of 
300  K  and  1773  K  and  17#  RH  phosphorus  saoka  with  C0MBIC  prsdlctlons  using 
band-avaragad  aass  axtlnctlon  spactra. 
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Flour*  6.  Comparison  of  3-  to  5-pa  transmission  for  black  body  sourc*  taaparaturas  of 
300  K  and  1773  K  and  90*  RH  phosphorus  smoke  with  COMBIC  prediction  using 
band-averagad  mm  axtlnctlon  cpactra. 
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Figure  7.  Coaparlaon  of  8-  to  12-pa  transmission  for  black  body  aourc*  temperatures  of 
300  K  and  1779  K  and  17*  Ml  phosphorus  saoka  alth  C0M8 1C  pradlctlona  using 
band-avaragwd  mass  axtlnctlon  spactra. 
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Figure  8.  Coaparlaon  of  8-  to  12- pa  tranaalaaton  for  black  body  aourc*  taaperaturaa  of 
300  K  and  1773  K  and  90$  RH  phoaphorua  taoka  with  COMUIC  ualng  band-averaged 
eaaa  extinction  apactra. 
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Figure  9.  Saoke  trenaalaalon  ratio  In  3-  to  9 -fun  and  B-  to  12-^a  banda  for  blaik  body 
aource  teaparaturea  of  300  K  and  1773  K  for  17$  RH  laboratory  phoaphorua  aaaa 
extinction  spectrua. 
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Flour#  10.  Smoke  tranum  I  sc  ion  ratio  In  3-  to  5-pm  and  8-  to  12-pm  band*  for  black  body 
aourca  temperatures  of  300  K  and  1773  K  for  90f  RH  laboratory  phocphorus  aass 
|  axtlnctlon  spectrum. 

|  Significant  differences  hav*  boon  shown  to  ar I *•  botweon  transm I ttenoe  estimates 

'  made  using  approximation*  Involving  band-averaged  mass  extinction  coefficients  In  th* 

Boor-Douguer  transmission  law  and  direct  computations  of  band-averaged  transmittance  for 
f.  phosphorus-derived  smoke.  This  example  sho.  ad  that  as  tho  concentration  length 

Increases,  variations  In  spectral  structure  In  the  source  and  mass  extinction  coefficient 
^  can  cause  the  band-averaged  mass  extinction  coefficient  approximation  to  be  significantly 

,  In  error. 

This  analysis  shows  that  field-measured  transm I ttnnces  through  smokes/obscurants 
1  having  spectral  structure  In  the  mass  extinction  coefficient  cannot  be  compared  directly 

between  transm! ssometer  systems  having  different  spectral  responses.  Similarly,  the 
transmittance  data  obtained  with  a  transm I ssometer  over  the  same  spectral  band  us  that 
I  uned  by  a  particular  GO  system  cannot  be  applied  dlroctly  to  tho  cvoluatlon  of  system 

(  performance  relative  to  smoke/obscurant  screen  Ing  capabl 1  Ity.  The  observed  transmittance 

•  through  a  smoke/obscurant  with  a  transm I ssometer  or  £0  system  I*  the  result  of  averaging 

j  the  spoctra I  transmittance  of  the  smoke/obscurant  being  observed  over  the  spectral 

response  of  tho  t ransm I ssometer  or  E0  system.  If  the  spectral  responses  of  any  two 
t  systems  are  different,  then  th#  band-aver*god  transmittance  through  the  smoke/obscurant 

con  be  expected  to  be  different. 


i 


A  method  has  been  presented  for  computing  constants  that  will  allow  band-overaged 
trensmlssometor  system  measurements  to  be  related  to  narrow-band  measurements  through 
measurements  of  optical  dopths  for  each  band.  The  method  for  computing  the  constants 
has  general  appl  Icabll Ity  to  the  estimation  of  band-averaged  trensmlttonces  for  virtual ly 
any  EO  system  If  the  band  response  characteristics  of  the  system  are  known.  After  the 
constants  for  a  specific  system  are  determined,  then  the  bond-averaged  response  of  a 
system  to  a  smok*  screen  con  bo  specified  with  three  paremetersi  1)  the  mass  extinction 
coefficient  for  the  reference  narrow  band,  2)  the  concentration  length,  and  3)  the  two 
constants,  a  and  b,  which  ere  system  specific.  The  constant*  are  used  In  a  simple 
exponential  function  rather  than  In  complicated  Integrals  to  express  band-averaged 
transmittance.  The  exponentlol  function  has  as  an  argument  e  constant  multiplying  the 
concentration  length  raised  to  the  power  of  the  second  constant.  The  first  constant 
multiplies  the  concentration  length  In  the  seme  way  the  band-averaged  mass  extinction 
coefficient  multiplies  the  concsntrat Ion  Isngth  In  the  approximation  using  the  Beer- 
Bouguer  transmission  law.  This  constant,  however,  Is  not  a  mass  extinction  coefficient. 
The  second  constent  la  the  value  of  the  bend-averaged  transmittance  for  e  particular 
value  of  concentration  length.  However,  when  the  spectral  factors  In  the  band-averaged 
transmittance  are  chenged,  these  constants  change.  Therefore,  It  la  Important  that 
standard  I *ed  atmospheric,  smoke  extinction  spoctra,  and  electro-optical  sensor  conditions 
be  chosen  for  computing  these  constants. 
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SUMMARY 

The  IMTURB  model  characterizes  the  effects  of  clear  air  optical  turbulence  on  electro-optical  (EO)  imaging 
devices  and  laser  transmitters  operating  in  the  atmospheric  surface  boundary  layer  and  is  valid  for 
wavelengths  from  the  visible  through  the  far  infrared.  Similarity  theory  and  the  Kolmogorov  principle  of 
universal  equilibrium  are  employed  to  characterize  optical  turbulence  structure  over  regions  typical  of 
applications,  based  on  simple  environmental  observables.  A  profile  for  the  refractive  index  structure 
parameter  is  estimated,  then  used  as  input  to  a  weak  perturbation  propagation  model.  Receiver  coherence 
diameter,  log-amplitude  variance,  scintillation  averaging  length,  isoplanatism  effective  path  length,  and 
related  subsidiary  propagation  statistics  are  then  estimated  for  a  selected  propagation  path.  Outer  and 
inner  scale  profiles  are  also  estimated  for  advanced  applications.  Model  results  for  two  sample  cases  are 
discussed. 


1.  INTRODUCTION 

It  is  well  understood  that  irregularities  in  the  atmospheric  refractive  index  result  in  distortion  of  propagat¬ 
ing  electromagnetic  waveforms.  In  a  landmark  analysis  based  on  the  work  of  Kolmogorov,1,2  it  was 
postulated  that  a  primary  source  of  such  irregularities  is  the  turbulent  motion  of  the  atmosphere  in  the 
presence  of  temperature  and  moisture  gradients.  It  was  further  postulated  that  these  irregularities  possess 
a  quantifiable  statistical  structure.3  The  validity  of  these  postulates  is  generally  accepted,  and  the  term 
"optical  turbulence"  has  come  into  general  usage  to  denote  random,  turbulence-induced  fluctuations  in 
the  atmospheric  refractive  index. 

When  an  electromagnetic  wave  propagates  through  an  atmosphere  where  optical  turbulence  is 
present,  the  wave  front  acquires  a  progressive  degree  of  distortion.  Departure  of  the  phase  front  from  its 
nominal  shape  results  in  a  decrease  in  registered  image  quality  for  EO  imaging  systems.  Images  appear 
distorted  and  blurred.  A  laser  beam  exhibits  an  increase  in  beam  diameter  in  excess  of  that  predicted  by 
diffraction  theory.  In  addition,  the  entire  beam  is  subject  to  optical  turbulence-induced  random  transla¬ 
tions  of  the  beam  centroid,  a  phenomenon  called  beam  wander.  The  purpose  of  the  IMTURB  model  is  to 
quantify  these  and  related  effects.4 

IMTURB  differs  from  typical  propagation  models  for  optical  turbulence  in  that  a  profile  is  calculated 
for  the  refractive  index  structure  parameter  (often  referred  to  as  a  "C2  profile")  from  simple  meteorologi¬ 
cal  and  environmental  information.  Previous  methods  often  relied  on  the  use  of  one  or  more  measured 
point  values  for  the  refractive  index  structure  parameter.  From  these  measurements,  profiles  were 
extrapolated  by  a  scaling  law.5  In  the  region  of  the  atmosphere  where  terrain  surface  features  play  a 
significant  role  in  determining  optical  turbulence  structure,  such  an  approach  may  impose  severe  limita¬ 
tions.  This  region  of  the  atmosphere,  called  the  surface  boundary  layer,  ranges  in  height  from  tens  to 
hundreds  of  meters  depending  on  atmospheric  conditions.  Above  the  surface  boundary  layer,  the  degree 
of  statistical  consistency  over  regions  commensurate  with  propagation  path  length  may  be  such  that  point 
measurements  of  Cj or  even  free  atmosphere  models  may  be  adequate  to  specify  global  optical  turbulence 
structure.  This  is  the  case  with  many  astronomical  applications.  However,  within  the  surface  boundary 
layer,  a  propagation  path  may  cross  several  differing  optical  turbulence  regimes,  each  driven  by  slightly 
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different  environmental  factors.  Point  measurements,  extended  to  a  profile  with  a  power  law  arid 
extrapolated  over  the  total  propagation  path,  may  give  rise  to  misleading  results.  In  response  to  the 
problems  inherent  in  modeling  this  scenario,  IMTURB  employs  environmental  parameters  exhibiting 
statistical  consistency  over  regions  consistent  with  most  laser  transmitter  and  imaging  applications. 

In  the  complex  environment  of  the  atmospheric  surface  boundary  layer,  a  precise  and  comprehen¬ 
sive  description  of  surface  energy  fluxes  driving  the  optical  turbulence  mechanism  is  difficult.  The 
number  of  observations  necessary  to  quantify  point-specific  behavior  of  the  surface  fluxes  is  greater  than 
available  even  in  well-instrumented  field  experiments.  In  addition,  spatial  and  temporal  variations  in 
environmental  factors  along  the  length  of  the  propagation  path  challenge  the  validity  of  even  the  most 
carefully  performed  site  characterizations.  To  combat  these  difficulties,  the  modeling  basis  for  IMTURB 
combines  the  micrometeorology  of  the  atmospheric  surface  boundary  layer  with  the  well-understood  and 
documented  weak  fluctuation  theory  of  electromagnetic  propagation  through  optical  turbulence  A7'^9  To 
characterize  the  micrometeorology,  Obukhov  similarity  theory 10,11,12  is  used  to  determine  basic  flux  profile 
relationships.  The  Kolmogorov  principle  of  universal  equilibrium10  employs  these  relationships  to  define 
profiles  for  the  turbulent  inner  and  outer  scales  and  the  refractive  index  structure  parameter.  Both 
Obukhov  similarity  theory  and  the  Kolmogorov  principle  of  universal  equilibrium  are  concerned  with 
modeling  the  behavior  of  surface  energy  fluxes  in  a  statistically  consistent  environment.  Therefore,  the 
shape  of  the  calculated  C2  profile  reflects  the  total  environmental  state  more  completely  than  would  a 
profile  obtained  from  a  scaling  law.  A  profile  for  outer  scale  occurs  naturally  in  the  application  of  the 
universal  equilibrium  principle;  inner  scale  is  obtained  using  a  method  described  by  Ochs  and  Hill.14 
Although  the  version  of  IMTURB  currently  available  through  the  Electro-Optical  Systems  Atmospheric 
Effects  Library  (EOSAEL)  uses  the  Kolmogorov  spectrum  to  calculate  propagation  statistics,  planned 
updates  include  extension  to  strong  perturbation  theory  and  use  of  the  modified  von  Karman  or  Andrews 
spectrums.15  Profiles  for  inner  and  outer  turbulence  scales  are  included  for  advanced  applications. 


2.  MODELING  OPTICAL  TURBULENCE  STRUCTURE 

Obukhov  similarity  theory  is  used  to  calculate  surface  energy  fluxes  arid  related  quantities  for  a  specified 
geographical  location,  date,  and  time  of  day.  The  meteorological  observables  required  are  percent  cloud 
cover,  and  a  value  for  temperature,  pressure,  and  wind  speed.  The  earth's  aerodynamic  features  are 
summarized  by  specification  of  a  roughness  length16  or  by  calculation  of  a  roughness  length  from  an 
observed  roughness  element.17  The  algorithms  used  by  IMTURB  to  estimate  flux  profile  relationships 
were  first  proposed  by  Stewart18  for  use  in  determining  turbulent  velocity  spectra  over  complex  terrain. 
These  algorithms  were  later  refined  and  extended19  to  calculate  C^and  outer  scale  profiles.  The  computa¬ 
tional  flow  detailing  calculation  of  these  profiles  is  as  follows. 

From  latitude,  longitude  and  Greenwich  mean  time  (GMT),  solar  zenith  angle  may  be  calculated. 
From  solar  zenith  angle,  the  amount  of  solar  irradiance  on  the  earth's  surface  in  the  absence  of  cloud  cover 
may  be  estimated  for  the  specified  location  and  time.20  Knowledge  of  percent  cloud  cover  allows 
determination  of  global  irradiance  and  radiation  class,21  and  a  first  estimate  of  sensible  heat  flux.22  Mean 
horizontal  wind  speed,  atmospheric  pressure,  and  temperature,  estimated  for  a  specified  height  within 
the  surface  boundary  layer,  may  be  combined  with  radiation  class  to  estimate  the  Pasquill  fractional 
stability  parameter.  When  combined  with  terrain  roughness  length,  the  Pasquill  fractional  stability 
parameter  allows  estimation  of  both  the  Obukhov  length  and  scaling  ratio.23  The  scaling  ratio  appears  as 
the  independent  variable  in  the  dimensionless  wind  shear  and  lapse  rate,  both  basic  quantities  from 
similarity  theory.  Two  forma  for  dimensionless  wind  shear  and  lapse  rate  are  included,  one  proposed  by 
Businger,24  and  the  other  by  Hansen.23,26  From  either  of  the  two  forms,  the  corresponding  diabatic 
influence  functions  are  calculated.  An -equation  deriving  from  basic  similarity  relationships  involving 
mean  horizontal  wind  speed  and  the  diabatic  influence  function  for  momentum  allows  calculation  of 
friction  velocity.27 

Knowledge  of  a  value  for  temperature,  used  in  the  similarity  equation  defining  characteristic 
temperature,  allows  an  independent  second  estimate  of  sensible  heat  flux.  To  maintain  consistency  among 
the  similarity  parameters,  an  iterative  scheme  is  employed  to  adjust  friction  velocity  and  Obukhov  length 
so  that  values  for  sensible  heat  flux  predicted  by  similarity  theory  and  solar  irradiance  are  in  agreement. 
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From  this  adjusted  set  of  parameters,  profiles  are  obtained  for  both  potential  temperature  and  the 
potential  temperature  gradient.3*  Sufficient  information  now  exists  to  estimate  profiles  for  the  potential 
temperature  structure  parameter  and,  ultimately,  the  refractive  index  structure  parameter. 

Rigorous  development  of  the  theoretical  link  between  the  gradient  profile  for  potential  temperature 
and  the  profile  for  the  refractive  index  structure  parameter  may  be  found  in  Tatarski39  and  Ishimaru,® 
The  refractive  index  of  the  atmosphere  is  a  function  of  wavelength,  temperature,  pressure,  and  specific 
humidity.  For  optical  and  infrared  wavelengths,  humidity  over  land  is  negligible,  arid  the  refractive  index 
may  be  expressed  as31 

n  -  1  +  [l  +  7.52  x  10-3  X"2]  10'6 

where  P  is  pressure  in  millibars,  K  is  temperature  in  °K  and  X  is  wavelength  in  micrometers.  This 
expression,  when  combined  with  the  mean  potential  temperature  gradient,  results  in  the  following 
approximation  for  the  gradient  of  the  mean  refractive  index32 

an  (-77.6  x  TO-6  P)  (1  +  7.52  x  10'3  X'2]  _  _  [  z  1  (2) 

S - MeVa^ - T*^[l| 

where  n  is  mean  refractive  index,  6  is  mean  potential  temperature,  z  is  height  above  ground  in  meters,  a 
is  the  adiabatic  lapse  rate,  k  is  von  Karman's  constant,  T#  is  characteristic  temperature,  and  <Dh  [*-]  is 
dimensionless  lapse  rate.  Used  with  results  from  the  Kolmogorov  principle  of  universal  equilibrium, 
Equation  (2)  allows  calculation  of  protiles  for  the  refractive  index  structure  parameter.*9 


3.  PROPAGATION  STATISTICS  DESCRIBING  SYSTEM  PERFORMANCE 

For  each  propagation  path  through  the  atmosphere,  a  choice  of  statistics  may  be  estimated  describing  loss 
in  system  performance  due  to  optical  turbulence.  The  statistics  chosen  for  IMTURB  derive  from  a 
comprehensive  and  flexible  propagation  model  based  on  weak  fluctuation  theory34  wherein  all  propaga¬ 
tion  statistics  are  weighted  integrals  of  the  refractive  index  structure  parameter  over  the  propagation  path. 
The  four  basic  propagation  statistics  are  (1)  receiver  coherence  diameter,  (2)  log-amplitude  variance,  (3) 
scintillation  averaging  length,  and  (4)  isoplunatism  effective  path  length.  Subsidiary  statistics  include 
limiting  resolution  source  length,  isoplanatism  source  size  and  normalized  intensity  variance.  Other 
options  available  to  the  IMTURB  user  include  (1)  choice  of  plane  or  spherical  wave,  (2)  spatial  power 
spectrum  for  log-amplitude  and  phase  variations,  (3)  fast  and  slow  modulation  transfer  functions,  (4) 
imaging  optics  resolution /  transmitter  beam  spread,  (5)  heterodyne  receiver  analysis,  (5)  predetection 
compensation  analysis,  and  (6)  normalized,  aperture-averaged  intensity  receiver  analysis,  The  four  basic 
propagation  statistics  are  described  below. 

The  receiver  coherence  diameter  is  the  most  widely  known  of  the  basic  propagation  statistics.  It  is 
a  fundamental  measure  of  wave  front  distortion  and  is  required  for  estimation  of  such  fundamental  forms 
as  the  mutual  coherence  function  and  modulation  transfer  function.  In  an  atmosphere  free  of  optical 
turbulence,  an  imaging  system  has  the  potential  for  virtually  unlimited  increase  in  resolution  with 
corresponding  increases  in  optics  diameter.  However,  when  the  same  system  is  operated  in  the  presence 
of  optical  turbulence,  there  Is  a  diameter  beyond  which  further  size  increases  produce  no  significant 
increase  In  resolution.  This  diameter  is  reflected  in  the  receiver  coherence  diameter.35  Reciprocally,  the 
degree  of  optical  turbulence-induced  beam  spread  for  focused  or  collimated  laser  transmitters  may  be 
approximated  from  the  receiver  coherence  diameter  for  spherical  or  plane  wave  propagation,  respectively. 

The  variance  of  the  log-amplitude  ratio  is  a  point  statistic  relating  to  optical  turbulence-induced 
random  fluctuations  in  the  amplitude  of  an  electromagnetic  wave.  The  log-amplitude  ratio  is  the  real  part 
of  a  complex  stochastic  integral  describing  electromagnetic  propagation  through  optical  turbulence. 
Derivation  and  interpretation  of  this  integral  is  a  major  concern  of  weak  perturbation  theory.  This 
propagation  statistic,  commonly  called  the  log-amplitude  variance,36  is  useful  in  predicting  the  onset  of 
saturation.  Saturation  occurs  when  multiple  scattering  among  optical  turbules  becomes  significant;  weak 
fluctuation  theory  is  then  said  to  "saturate." 
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The  last  two  basic  propagation  statistics  are  scintillation  averaging  length  and  isoplanatism  effective 
path  length.  The  scintillation  averaging  length37  describes  the  phenomenon  of  aperture  averaging.  As 
"photon  bucket*  type  photoreceivers  increase  in  area,  there  is  a  corresponding  decrease  in  the  fluctuations 
of  measured  intensity.  The  scintillation  is  said  to  be  "averaged*  over  the  area.  Apertures  with  diameters 
one  tenth  the  scintillation  averaging  length  exhibit  variations  in  intensity  similar  to  those  predicted  for  a 
point,  while  apertures  on  the  order  of  ten  times  the  scintillation  averaging  length  exhibit  little  variation 
in  intensity.  The  isoplanatism  effective  path  length,  used  with  receiver  coherence  diameter,  defines  the 
isoplanatic  angle  and  hence  the  isoplanatic  patch.38  Within  a  region  the  size  of  the  isoplanatic  patch,  wave 
front  distortion  is  nearly  constant,  and  image  quality  may  be  improved  by  the  removal  of  wave  front  tilt. 
Isoplanatic  patch  size  is  useful  in  the  design  of  adaptive  devices  for  partial  correction  of  optical  turbulence 
effects. 

In  addition  to  the  interpretive  value  of  basic  and  subsidiary  propagation  statistics,  IMTURB 
provides  path-specific  fast  and  slow  modulation  transfer  functions.  These  may  be  used  in  conjunction 
with  an  image  processing  system  to  allow  simulation  of  specified  EO  systems  behavior  in  a  controlled, 
sterile  environment. 


4.  SAMPLE  MODEL  RESULTS 

Two  sample  scenarios  are  described  here  to  illustrate  typical  model  results.  In  the  first  scenario.  Case  A, 
an  EO  imaging  sensor  operating  at  1.06  microns  and  located  2  meters  above  the  ground  observes  a  target 
500  meters  distant  and  11  meters  above  the  ground.  Spherical  wave  propagation  is  appropriate  with  the 
source  at  the  target.  The  site  is  White  Sands  Missile  Range,  New  Mexico  (USA),  located  at  latitude  32" 
north,  longitude  106°  west.  The  date  is  31  May,  1984;  the  time,  1300  hours  Mountain  Standard  Thn»  (MST), 
translating  to  a  GMT  of  2000  hours.  The  day  is  cloudless;  the  upwind  terrain  is  a  broad  region  of  desert 
brush  and  scrub,  having  a  tabulated  roughness  length  of  16  cm.  From  a  nearby  observation  tower  with 
sensors  located  10  meters  above  the  ground,  air  temperature  is  35°  centigrade,  pressure  is  850  millibars 
(the  altitude  of  the  Tularosa  Basin  where  the  Missile  Range  is  located  is  4000  feet  above  sea  level),  and  the 
average  wind  speed  is  3  m/s.  IMTURB  characterizes  the  atmosphere  as  strongly  unstable,  with  the  height 
of  the  surface  boundary  layer  estimated  at  11  m.  The  set  of  basic  and  subsidiary  propagation  statistics  for 
Case  A  is  given  in  Table  1.  Note  that  log-amplitude  variance  is  0.206,  indicating  that  Case  A  is  within  the 
limits  of  weak  fluctuation  theory. 


Table  1.  Basic  and  subsidiary  propagation  statistics  for  Case  A. 


Basic  Propagation  Statistics 


Receiver  Coherence  Diameter 


Log-Amplitude  Variance 


Scintillation  Averaging  Length 


Isoplanatism  Effective  Path  Length 


117.7  meters 


1.54  centimeters 


Subsidiary  Propagation  Statistics 

Limiting  Resolution  Source  Length 

3.89  centimeters 

Isoplanatism  Source  Size 

3.26  centimeters 

Normalized  Intensity  Variance 

1.28 

The  conditions  chosen  for  Case  B  illustrate  the  significant  difference  in  optical  turbulence  structure 
arising  from  relatively  minor  changes  in  environmental  conditions.  The  location,  terrain,  time  of  day, 
temperature,  and  pressure  are  identical  to  Case  A.  However,  cloud  cover  has  increased,  to  25%  and  wind 
speed  to  5  m/9.  IMTURB  predicts  a  moderately  unstable  atmosphere  with  the  height  of  the  surface 
boundary  layer  near  43  m.  The  basic  and  subsidiary  propagation  statistics  for  Case  B  are  listed  in  Table  2, 
from  which  we  see  that  log-amplitude  variance  is  reduced  to  0.092,  well  within  the  bounds  of  weak 
fluctuation  theory. 
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Table  2.  Basic  and  subsidiary  propagation  statistics  for  Case  B. 


Basic  Propagation  Statistics 

Subsidiary  Propagation  Statistics 

Receiver  Coherence  Diameter 

2.65  centimeters 

Limiting  Resolution  Source  Length 

226  centimeters 

Log-Amplitude  Variance 

0.092  nepers-squared 

Isoplanatism  Source  Size 

5.25  centimeters 

Scintillation  Averaging  Length 

2.93  centimeters 

Normalized  Intensity  Variance 

0.44 

Isoplanatism  Effective  Path  Length 

125.99  meters 

Due  to  space  limitations,  the  variety  of  atmospheric  stability  and  similarity  parameters  descriptive 
of  the  micrometeorology  have  been  omitted.  However,  we  have  included  profiles  for  the  turbulent  inner 
and  outer  scales,  and  the  refractive  index  structure  parameter.  These  profiles  characterize  the  optical 
turbulence  structure  over  the  region  encompassing  the  propagation  path  and  are  adequate  even  for 
advanced  applications.  The  three  profiles  for  Cases  A  and  B  are  listed  in  Figures  1,  2,  and  3.  All  profiles 
are  terminated  at  the  maximum  extent  of  the  surface  boundary  layer,  by  definition  the  absolute  value  of 
the  Obukhov  length.  Note  that  outer  scale  follows  the  rule-of-thumb  for  unstable  atmospheres,  i.e.,  outer 
scale  approximately  equals  height  above  ground.  Inner  scale  exhibits  the  dependence  on  wind  velocity 
observed  by  numerous  investigators.  The  severity  of  optical  turbulence  can  be  determined  from  the  C* 
profiles,  as  shown  in  Figure  3,  Notice  that  optical  turbulence  strength  decreases  rapidly  with  height  in 
both  cases.  For  these  examples,  one  would  expect  significant  degradation  in  performance  for  EO  systems 
operating  in  the  visible  to  near  IR,  and  in  the  far  IR  over  longer  ranges.  Values  for  the  receiver  coherence 
diameter  of  1.5  cm  and  2.6  cm  for  Cases  A  and  B,  respectively,  attest  to  this  fact. 

Related  to  the  receiver  coherence  diameter  is  the  subsidiary  statistic  limiting  resolution  source  size. 
This  is  the  maximum  resolution  possible  for  the  propagation  path  and  wavelength  regardless  of  optics 
size.  In  terms  of  laser  performance,  the  limiting  resolution  source  size  is  the  "spot"  size  of  a  laser  focused 
to  a  point.  In  Case  A,  the  value  is  3.9  cm;  for  Case  B,  2.3  cm.  In  the  former  case,  a  sensor  would  be  able  to 
resolve  notliing  smaller  than  3.9  cm  on  the  target  at  500  meters.  In  Case  13  the  same  system  can  resolve 
details  as  small  as  2.3  cm. 


Inntr  Seda  (mllltmatara) 


Figure  1,  Plot  of  the  turbulent  inner  took  with  height  for 
Casa  A  and  B, 


Figure  2.  Plot  of  the  turbulent  outer  teak  with  height 
for  Cases  A  and  B. 


Figure  4  provides  a  comparative  plot  of  log-amplitude  variance  with  range  for  Cases  A  and  B.  The 
Increase  in  range  of  validity  for  weak  fluctuation  theory  in  the  latter  case  is  noticeable.  Thi'  relatively  short 
distances  to  saturation  in  comparison  with  normal  engagement  ranges  is  a  strong  incentive  to  extend 
model  results  by  use  of  strong  perturbation  theory.  It  is  also  instructive  to  plot  receiver  coherence 
diameter  vs.  range  for  Cases  A  and  B.  Referring  to  Figure  5,  we  see  that  as  range  increases,  the  integrated 
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effect  of  optical  turbulence  is  evident,  as  is  the  consistently  superior  performance  of  the  system  operated 
under  the  environmental  conditions  of  Case  B. 


Figure  3.  Plot  of  the  refractive  index  structure  parameter  Figure  4.  Plot  of  the  log-amplitude  variance  with 

with  height  for  Cases  A  and  B.  range,  extended  to  saturation.  The  sensor  is  at  2  meters 

and  target  is  at  11  meters  (Cases  A  and  B). 


An  interesting  property  of  certain  propagation  statistics  tliat  occur  as  integrals  over  the  propagation 
path  is  the  phenomenon  of  path  weighting.  For  spherical  wave  propagation,  receiver  coherence  diameter 
exhibits  this  trait.  Consider  a  scenario  identical  to  Case  A  with  the  exception  that  the  sensor  and  target 
positions  are  reversed.  The  receiver  coherence  diameter  calculated  for  a  sensor  at  11  meters  and  target  at 
2  meters,  with  a  path  length  of  500  meters,  is  2.6  cm.  This  represents,  coincidentally,  the  increase  in  system 
performance  of  Case  B  over  Case  A.  A  plot  of  receiver  coherence  diameter  vs.  range  for  the  two 
sensor/ target  geometries  is  given  in  Figure  6. 
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Figure  S.  Plot  of  the  receiver  coherence  diameter  with  range 
for  a  tensor  at  2  meters  and  target  at  11  meters  (Cases  A 
and  B). 


Figure  6,  Plot  of  receiver  coherence  diameter  vs.  range 
for  Case  A,  and  with  target  and  optics  positions 
reversed. 


Perhaps  the  most  exciting  application  of  the  IMTURB  model  arises  from  its  use  in  simulating 
degradation  due  to  optical  turbulence  using  digital  image  processing  techniques.39'40  The  Atmospheric 
Sciences  Laboratory  (ASL)  has  incorporated  an  IMTURB  clone  into  ASL's  library  of  models  for  simulation 
of  atmospheric  effects  on  system  performance,  called  BATL.  BATL  is  currently  under  development  at  the 
ASL  Image  Processing  Laboratory  and  employs  a  Gould  EP8500  with  Real  Time  Digital  Disk  and  VAX 
11/780  host  computer.  Examples  cf  image  degradation  due  to  optical  turbulence  performed  in  near 
real-time  using  a  convolution  technique  are  given  below.  Figure  7  shows  an  image  of  a  tank  taken  at  a 
far-IR  wavelength  over  a  2330  m  path.  Figure  8  is  the  same  image,  viewed  over  a  horizontal  path  through 
moderate  optical  turbulence.  If  the  sensor  is  raised  about  10  meters  above  the  ground,  we  see  that  optical 
turbulence  effects  are  reduced,  as  shown  in  Figure  9.  Figure  10  demonstrates  the  blurring  effect  severe 
optical  turbulence  produces. 


Figure  7.  Image  of  a  tank  taken  at  a  far-IR  wavelength  over  a  2330  m  path. 


Figure  8.  Same  image  as  abovebut  viewed  ever  a  horizontal  path  through  moderate 
optical  turbalence. 
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Figure  9.  Optical  turbulence  effects  are  reduced  when  the  sensor  is  raised  about 
10  meters  above  the  ground. 


Figure  10.  The  blurring  effect  severe  optical  turbulence  produces. 
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V.  THIIRMAMM 

Ground  humidity  turned  out  to  be  a  very  important  input  parameter  in  models  for  C_2 .  Do 
you  plan  to  inalude  this  in  future  version  of  your  model  in  order  to  make  it  more  ap¬ 
plicable  to  mid-latitude  conditions? 

AUTHOR'S  RSPLf 

We  certainly  do.  I  realize  that  similarity  theory  allows  for  prediction  of  dq/dz,  but  I 
am  uncertain  how  to  do  this  best  from  a  readily  obtainable  source;  that  is,  the  readily 
obtainable  meteorological  parameters.  I  will  contact  you  later  to  obtain  your  sugges¬ 
tions.  They  will  no  doubt  be  valuable. 
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Summary. 

When  viewing  through  the  atmosphere,  whether  by  naked  eye  or  with  tome  electro-optic  senior,  your 
viewing  performance  if  largely  dictated  by  the  composition  of  the  intervening  atmoiphere.  The  compoeition 
of  thii  atmosphere  if  continually  changing  with  tho  fluctuation!  of  the  prevailing  meteorology  and  will  alio 
differ  in  different  geographical  location!. 

Despite  the  fact  that  it  is  known  that  prevailing  meteorology  affects  senior  and  consequently  overall 
system  performance  the  phenomena  is  seldom  explored  and  is  often  made  excessively  complicated.  A 
technique  developed  at  the  Sowerby  Research  Centre,  at  British  Aerospace,  allows  the  meteorological  effect 
to  be  rigorously,  but  simply,  evaluated. 

Using  the  technique  we  have  developed,  in  conjunction  with  atmospheric  propagation  models,  for  example 
LOWTRAN,  we  are  able  to  perform  realistic  comparisons  between  different  waveband  IR  systems  and 
different  millimetric  frequency  systems. 


I.  Introduction. 

It  is  commonly  accepted  that  the  performance  of  electro-optic  systems  in  particular,  and  other  systems 
iu  general,  is  affected  by  the  prevailing  meteorology  (weather).  For  example,  the  shorter  wavelength  systems 
(infra-red)  used  for  communication  links  propagating  through  the  atmosphere  are  critically  dependent  upon 
the  prevailing  weather.  The  longer  wavelength  systems  too  are  not  immune  to  the  effects  of  weather,  albeit 
to  a  leaser  extent.  However,  when  such  systems  are  mathematically  modelled  this  major  factor  contributing 
to  system  performance  is  often  only  given  a  cursory  acknowledgement.  At  the  BAe.  Sowerby  Research 
Centre  we  have  resolved  this  problem;  by  trying  to  find  straightforward  relationships  between  meteorology, 
properties  of  the  atmosphere,  and  system  performance. 

Tbe  vital  link  between  meteorology  and  system  performance  is  made  through  a  series  of  models,  the 
majority  of  which  we  have  developed  ourselves  and  include  models  for  target  and  background  radiance, 
turbulence  and  the  probability  of  achieving  a  cloud  free  line  of  sight  or  field  of  view.  The  internationally 
accepted  LOWTRAN  models,  Ref,  1-3,  are  often  used  to  relate  meteorological  data  to  atmospheric  proper¬ 
ties  such  as  scattering  and  absorption,  etc  which  in  turn  give  rise  to  atmospheric  transmission  for  specified 
wavelengths.  A  modified  version  of  EOSAEL,  (Electro- Optic  System  Atmospheric  Effects  Library),  Ref.  4, 
provides  similar  information  for  the  millimetric  frequencies.  The  transmission  is  then  used  in  conjunc¬ 
tion  with  the  other  atmospheric  models,  aud  system  models  which  describe  the  physical  properties  of  the 
trausmitter/receiver/target  signature  of  the  system  in  order  to  predict  total  operational  performance. 

In  this  paper  we  describe  the  techniques  that  we  are  currently  using  and  a  recent  study  to  compare  IR 
and  millimetric  atmospheric  transmission. 


2.  The  Use  of  Meteorological  Data, 

In  the  past  it  has  been  common  practice  to  use  average  or  synoptic  meteorological  records  for  modelling 
purposes,  but  statistically  derived  data  of  this  nature  has  lost  the  all  important  correlation  between  the 
individual  meteorological  parameters.  ThJ  is  to  say,  a  predicted  value  or  ntatistically  derived  value  of 
any  meteorological  parameter  need  not  necessarily  occur  at  the  same  time  as  any  other  predicted  value. 
For  example  the  average  value  of  temperature  will  seldom  occur  at  the  same  time  as  the  average  value  of 
humidity  or  at  the  same  time  as  any  other  average  value, 

We  have  found  that  using  non  correlated  meteorological  data  gives  rise  to  results  which  can  be  very 
misleading)  in  practice  you  are  evaluating  a  system  for  conditions  that  in  real  life  do  not  occur,  We  have 
also  found  that  it  is  dangerous  to  assess  'weather  related’  effects  in  isolation  from  the  interactions  between 
the  various  constituent  parts  ot  the  system  and  the  system  as  a  whole  because  this  too  can  lead  to  a 
distorted  view  of  total  system  performance.  We  have  now  devised  a  technique  to  predict  'All  Year  All 
Weather'  system  performance  which  has  the  ability  to  maintain  the  vital  correlation  bet  ween  meteorological 
parameters.  The  technique  also  preserves  the  gross,  but  never  the  less  interesting,  effects  such  as  diurnal  and 
seasonal  performance  variations.  One  must  also  appreciate  that  just  as  meteorology  varies  from  geographical 
location  to  location  (deployment  area)  system  performance  will  also  vary  and  this  too  must  be  taken  into 
account  if  a  full  and  representative  evaluation  of  a  system  in  to  take  place. 

When  using  our  technique,  firstly,  a  data  base  has  to  be  constructed  which  containu  a  year’s  period 
of  meteorological  data.  The  meteorological  descriptions  required  for  the  data,  base  are  collected  from  the 
geographical  area  of  interest  via  the  UK  Meteorological  Office  at  Bracknell  and  have  been  collected  at  3 
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hourly  interval*.  The  parameter*  within  the  data  baae  usually  cover  phenomena  *uch  as  visibility,  cloud 
details,  precipitation,  temperature  and  humidity,  etc. 

The  performance  of  each  constituent  part  of  the  system  (usually  electro-optic  or  millimetric)  is  evaluated 
at  each  of  the  3-hourly  resolution  steps  throughout  the  data  base  (i.e.  2920  individual  evaluations  take  place) 
in  conjunction  with  the  results  from  the  atmospheric  models.  The  sub-system  results  so  obtained  are  then 
combined  and  a  measure  of  total  system  performance  obtained.  The  performance  measure  obtained  at  each 
step,  for  ex  simple  a  probability  of  target  acquisition,  is  averaged  at  the  end  of  the  year’s  assessment  in  order 
to  achieve  an  ‘All  Year  All  Weather’  system  performance. 


3.  Choice  of  Meteorological  Data. 

In  order  to  achieve  a  realistic  performance  assessment  care  must  be  taken  to  ensure  that  the  year  chosen 
for  the  meteorological  data  base  is  a  ‘normal’  year,  i.e.  not  a  year  containing  abnormal  variations  of  weather 
such  as  very  high  or  very  low  temperatures,  excessive  precipitation,  etc  as  these  could  lead  to  unrepresentative 
result*.  To  alleviate  the  problem  of  choosing  what  year  to  use  we  often  do  not  choose  a  single  year  but 
several  consecutive  years,  normally  a  ten  year  period.  The  ten  year  period  is  then  statistically  sampled, 
Ref.  5,  in  order  to  produce  a  single  year  which  is  ‘representative’  of  the  ten  years  of  data.  This  technique 
enables  the  important  correlations  between  individual  items  of  meteorology  to  be  maintained.  However  the 
lesser  important  correlation  between  adjacent  time  intervals  is  lost. 

A  validation  exercise  has  shown  that  there  are  only  small  differences  between  the  cumulative  probability 
of  occurrence  curve*  derived  from  the  'representative  year’  and  the  curves  derived  from  the  original  ten  years 
of  data.  Sample  of  the  validation  curves  are  shown  in  Figures  1  and  2. 
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Figure  1.  Validation  of  data  base  -  Air  Temperature. 
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Figure  2.  Validation  of  data  base  -  Present  Weather  Oode. 


A  further  set  of  comparisons  (using  the  60%  level)  between  the  'representative  Year'  and  published 
Meteorological  Office  data  has  led  us  to  accept  the  validity  of  our  data  reduction  technique, 

A  development  of  the  technique  described  above  allows  data  from  different  but  adjacent  geographical 
locations  to  also  be  combined  into  a  single  representative  year  which  can  then  be  used  for  system  assessments. 
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4.  Infra-red  v».  Millimetric  Study. 

In  a  current  itudy,  which  um  the  technique*  deecribed  above,  we  are  evaluating  the  all  year  variation* 
between  millimetric  and  infra-red  atmospheric  tranamiaiion,  A  small  aelection  of  the  results  which  have 
been  obtained  are  shown  in  Figures  3-6.  These  results  are  in  the  form  of  IR  transmission  vs.  millimetric 
transmission  for  identical  meteorological  conditions,  The  IR  wavelength  transmissions  have  been  predicted 
using  LOWTRAN  for  both  the  3-5  pm.  and  8-12  pm.  wavebands.  The  millimetric  frequency  transmissions 
have  been  predicted  using  our  modified  version  of  EOSAEL  for  22,  35,  and  94  QHs.  Each  of  the  following 
presented  figures  contain  2920  individual  assessment*  of  atmoipheric  transmission  using  meteorology  from 
our  meteorological  data  base  for  Northern  Europe,  a  constant  one  way  path  of  6  km,  has  been  uied.  Figure  3 
compares  the  atmospheric  transmissions  of  22  GHz.  and  35  GHs. 


Figure  3.  Comparison  between  transmission  at  22  GHs  and  35  GHs. 


As  expected  the  comparison  shown  in  Figure  3  indicates  that  for  the  majority  of  occasions  (85%  of  the 
time)  the  35  GHs.  frequency  gives  larger  transmission  values  than  the  22  GHs  frequency.  The  occasions 
when  22  QHs.  achieves  higher  transmission  than  35  GHs.  are  attributable  to  rain  events  which  affects  the 
higher  frequencies  more  than  the  lower  frequencies. 

If  we  consider  IR  transmission  against  that  of  millimetric,  Figure  4  compares  3-5  pm.  transmission 
against  94  GHs.  We  can  see  that  on  all  occasions  the  millimetric  transmission  is  higher  than  that  of  the 
IR  waveband.  Howover  the  transmission  performance  from  the  8-1 3pm.  waveband,  as  shown  in  Figure  5,  is 
greater  than  that  of  the  3-5pm.  band  but  still  doe*  not  equal  that  of  94  QHs. 


Figure  4.  Comparison  between  transmission  at  3  •  5pm.  and  94  GHs. 
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Figure  fi.  Comparison  between  transmission  at  S  -  13pm,  and  94  GHz. 


Finally,  Figure  6  compare*  36  GHz.  tranomiooion  agaimt  94  GHz.  It  it  interesting  to  note  both  the  supc- 
riority  of  35  GHz.  and  the  overall  trend  of  the  data.  Theze  modelled  reiulti  have  been  favourably  compared 
with  meaaured  IR  and  millimelric  tranomiooion  data  obtained  by  the  Radio  Oommunicationa  Reoearch  Unit 
at  the  Rutherford  Appleton  Laboratory,  Ref.  6. 
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Figure  6.  Comparison  between  tranomiooion  at  35  GHz  and  94  GHz. 


tt.  Conclusion. 

We  have  developed  a  flexible  but  yet  rigorous  technique  to  help  evaluate  the  effects  of  meteorolugy 
on  system  performance,  and  we  have  shown  the  relative  magnitudes  of  IR  and  millimetrlc  atmospheric 
transmissions,  The  philosophy  of  our  technique  is  to  use  the  atmospheric  properties  of  the  environment 
in  order  to  predict  the  system  performance  that  could  be  anticipated  if  that  system  was  operating  in  a 
particular  g<  graphical  area.  Variations  in  performance  may  be  producer!  on  t  yearly/seasonal/  diurnal 
basis  for  any  geographical  area  where  the  meteorological  records  are  available. 
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RESUME 

Una  aAthods  da  oalcul  rapida  da  la  transmission  infrarouga  aat  dAcrita  ;  alia 
paraat  d'affactuar  das  calcula  da  tranaaiaaion  aur  daa  trajata  horliontaux  avac  una  trAa 
bonne  prAcision.  Daux  examples  d' application  da  catto  aAthods  aont  prAsentAs  ;  la 
praaiar  concarna  la  description  d’una  atation  aAtdorologiqua  paraattant  la  dAtermination 
da  la  tranaaiaaion  infrarouga  aur  la  tarrain,  la  dauxilne  aat  la  rAallsation  d'un  atlaa 
da  la  tranaaiaaion  infrarouga  an  Pranca. 

1.  INTRODUCTION 

Avac  la  dAvaloppaaaut  daa  ayatAaaa  optroniquaa  at  1 ' utiliaation  accrua  da  aatdriala 
fonctionnant  dana  1' infrarouga,  la  connaiaaanca  daa  parturbationa  induitaa  par 
1 ' ataoaphdra  apparalt  aujourd'hui  coaaa  una  axiganca  fondaaantala.  Ca  baaoin  a'axarca 
dapuia  la  concaption  Jusqu'A  1 'utiliaation  da  caa  aatAriel*. 

Au  coura  da  la  concaption  da  caa  instruments  at  dA  1* Evaluation  pratiqua  ou 
thAoriqua  da  laura  parforaancaa,  il  aat  an  affat  nAcaaaalra  do  diapoaar  da  donnAaa 
atatiatiquaa  aur  la  tranaaiaaion  ataoaphAriqua  aur  laa  typaa  da  trajata  anviaagAa  at 
dana  laa  lioux  conaidArAa. 

Lora  da  lour  utiliaation  opArationnalla,  11  aat  intAraaaant  da  diapoaar  da  aoyens 
paraattant  d'optlaiaar  la  choix  du  doaaina  apactral  du  ayatiua  d'arna  A  angagor  auivant 
laa  conditiona  d 1 onvironnaaont  axtAriauroa  rancontrAaa.  Pour  oaci,  il  aat  done 
nAcaaaaira  da  diapoaar  da  aodAlaa  fiablaa,  rapidaa  an  taapa  da  calcul  at  fonotionnant 
aur  da  patita  calculatoura.  Laa  donnAaa  d'antrAa  da  caa  aodAlaa  doivant  Atra  laa  plua 
aiaplaa  poaaiblaa  at  facilaaant  aaaurablaa  aur  la  tarrain. 

AprAa  avoir  paaaA  rapidaaant  an  ravua  laa  phAnoaAnaa  l'Aglaaant  la  tranaaiaaion 
infrarouga,  una  aAthoda  da  calcul  rapida  da  la  tranaaiaaion  Infrarouga  aara  propoaAa  at 
dAfrita.  Daux  axaaplaa  d' application  aaront  anaulta  prAaontAa  ;  la  praaiar  concarna  la 
daacription  d'una  atation  mAtAorologiqua  paraattant  la  dAtaraluation  da  la  tranaaiaaion 
infrarouga  aur  la  tarrain,  la  dauxiAaa  aat  la  rAaliaation  d'un  atlaa  da  la  tranaaiaaion 
infrarouga  an  Pranca. 

2.  nUMOHRNKS  PHYSIQUES  RR0XS6ANT  LA  TRANSNXISXOM  XNFRAROUOK 

Dana  1 ' Infrarouga,  laa  phAnoaAnaa  antrant  on  jau  pour  attAnuar  la  rayonnoaant 
tranaaia  par  1‘atmosphAre  aont  1'abaorption  at  la  dif fusion  par  laa  conatituanta  gaxoux, 
d'una  part,  at  1'abaorption  at  la  diffusion  par  laa  particuloa  aolidaa  ou  liquidos  an 
auapanalon  i  aAroaola,  brunaa,  brouillarda,  pluia,  nalga,  nuagaa,  aAroaola  produito 
artificiallaaant,  d'autra  part.  Nous  noua  llnitarona  ici  au  cas  da  la  tranaaiaaion 
ataoaphAriqua  aur  un  trajat  horixontal  au  voisinaga  du  sol  dana  una  ataoaphAro 
natusralla  ;  noua  na  prandrona  an  coapta  ni  la  prAnanao  de  nuagaa,  ni  laa  aAroaola 
produits  artificiallaaant,  tala  qu'on  laa  trouva  aur  la  ebaap  da  batailla  [1,  2]. 

Laa  problAaas  poaAa  par  la  calcul  aont  diffAranta  auivant  qu'il  a'aglt  daa  gax  ou 
daa  particuloa  ;  noua  allona  las  traitar  auccaasivaaant. 

2.1.  Diffusion  aolAoulaira  at  absorption  par  las  gax 

La  diffusion  par  las  gax  so  traits  par  la  diffusion  Aayloigh.  La  coafficiant  da 
diffusion  aat,  dana  ca  cas,  lnvaraaxant  proportionnal  A  la  puissanca  qustrltms  da  la 
louguaur  d ' ondo  . 

L' absorption  par  las  gas  dans  1' infrarouga  oat  un  phAnoaAno  extrAaeaent  variable 
avac  la  longueur  d'onds,  car  las  gax  prAsantant  un  grand  nombra  da  raise  d' absorption 
dont  la  largour  typiqua  aat  da  0,1  cm"1,  dans  laa  conditions  noraalea  da  tompArature  at 
da  praasion. 

Catto  absorption  pout  so  aalcular  da  aaniAra  exacts  an  utilisant  daa  codas  da 
calaul  dits  haute  rAsolutlon  ou  raia  par  rale  [3,  4,  5],  qui  prannent  an  coapta  toutes 
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las  ralaa  d' absorption  caractdristiquss  das  gas  actlfs  dans  la  doss Ins  spactral 
conslddrd  ;  caa  codas  nAeasaitent  das  tsmps  da  calcul  important*  dans  la  caa 
d' Intervenes  apactraux  larges.  Lsur  utilisation  aat  oapandant  lndlspansabla  pour  la 
caloul  da  la  transmission  da  faiacaaux  lasar. 

Nous  nous  llmitarons  lei  au  caa  da  la  transmission  dana  una  bands  spactrala  largo 
(trAs  aupdrieura  A  30  cm"*).  Dana  ca  caa,  das  moddlaa  da  bands  pauvant  Atrs  util lads. 
Lsur  principa  conaista  d  supposar  una  distribution  slmpla  pour  las  intanaitds  at  laa 
positions  das  raiaa  da  manidrs  4  pouvoir  calcular  aiadmant  laa  coefficients  d' absorption 
moyens  sur  una  bands  spactrala  larga  par  rapport  4  la  largaur  daa  raiaa. 


Un  das  noddlas  da  bands  la  plus  connu  dana  laa  applications  atnoaphdriquss  ast  la 
modAle  LOMTRAM,  ddraloppd  par  1 ' ATOL  £4 ,  7].  Las  absorbents  gaseux  pria  an  conpta  dans 
LOWnuUI  sont  :  la  vapsur  d'aau,  l'oaons,  las  gai  unlforadasnt  ndlangda  (C0f ,  Na0,  CH< , 
CO,  Ot  at  Na>. 

La  caloul  da  1* absorption  par  laa  gas  sur  un  trajat  donnd  paut  as  fairs  an 
utilisant  LONTRAN  4  condition  da  connaltra  la  longueur  du  trajat,  la  presslon,  la 
tsmpdrature,  la  quantltd  da  vapaur  d'aau  (la  eonnalasance  da  la  quantitd  d'osona  n'ast 
pas  ndcassaira  si  on  os  limits  4  das  altitudes  inf driaurss  4  10  km) , 

La  prdcislon  das  oalculs  ast  bonne  at  las  rdsultata  ont  dtd  validds  tout  au  moina 
pour  das  distances  inf driaurss  4  10  km. 

3.2.  Absorption  at  diffusion  par  las  particulaa 

L' absorption  at  la  diffusion  par  las  partioulas  variant  net tenant  soina  avac  la 
longueur  d'onda  qua  dans  la  caa  das  gas.  Pour  las  calcular,  11  faut  connaltra  la 
coefficient  d' absorption  ou  da  diffusion.  Csux-ci  sont  fonction  da  la  distribution  da 
tallle  das  partioulas.  da  lour  forma,  da  l'indlea  da  rdfractlon  conplexe,  da  la  longueur 
d'onda  ;  11a  aa  ealoulent  an  utilisant  la  tbdoria  do  Nia  dans  la  caa  da  partioulas 
sphdriquss  [4].  Plus  xdeeamsnt,  das  codas  ont  dtd  nis  au  point  pour  la  cas  da  partioulas 
non-aphdriques  da  formas  particulidras  [9]. 

Cspendant,  la  aaula  assure  mdtdorologiqus  aystdaatlque  paraattant  d • apprdhender  la 
contanu  an  adroso.ts  aat  la  aaaura  da  vlsibllitd  qul  paras t  d'obtenir  la  coefficient 
d* extinction  du  milieu  4  0,55  pa  4  l'alda  da  la  formula  : 

O(0,S5!  -  3,92/VIS.  (1! 

II  n'axiata  toutafols  pan  da  relation  unlvoque  antra  la  coafflciant  d'axtinction  4 
0,55  pa  at  la  coafflciant  d'axtinction  dans  1 ' inf rarouga . 


Dana  LOUT RAM,  las  aAroaole  da  la  baaae  ataosphAra  sont  dAfinis  par  laur  type 
(rural,  urbain,  maritime)  at  par  la  vlelbilitA.  Pour  cheque  type  d'adroeol,  aat  fournie 
la  correspondence  antra  la  viaibilitd  ou  coefficient  d'axtinction  dans  la  visible  at  laa 
coefficients  d'axtinction  aux  diffdrentea  longueurs  d'onda  lnfrarougaa.  La  choix  du  type 
d'adroaol  aat  l'una  das  principalas  4ifficultds  rencontrAee,  la  problAma  aat  un  pau 
moina  dAllcat  dana  la  oas  daa  brouillards  at  da  la  pluia. 

Una  mdthoda  pour  choiair  la  type  d'adroaol  acre  propoade  dans  la  suite.  Ilia  aat 
beads  sur  1' exploitation  daa  rdsultata  da  mesurea  da  transmission  inf rarouga  affectudes 
au  cours  du  programme  OPAQUI  £10,  11]. 

3.  DMCkirriOM  Dl  LA  UTIODI  Dl  CALCUL  RAPXDI 

Compta  tanu  daa  probldmea  diffdranta  poads  par  la  calcul  da  la  tranamiaaion  par  laa 
moldcules  at  par  las  particulaa,  il  aat  apparu  important  da  pouvoir  traitor  sdpardmant 
caa  daux  types  da  contribution. 

La  pramldra  hypothdse  aat  qua  la  tranamiaaion  da  l'atmosphdre  sur  un  trajat 
bonogdne  d«  longueur  D,  intdgrde  aur  una  banda  apactrala  larga  (larga  par  rapport  4 
30  cm*1)  paut  a'Acrire  aoua  la  forma  d'un  produit  da  daux  termes  : 

T  -  *m  x  (3) 

oil  Ta  aat  la  tranamiaaion  moldculaira  intdgrda  aur  la  m4me  intarvalla  spectral  at  la 
tranamiaaion  dua  aux  partioulea.  Cotta  hypothAaa  aat  bian  vdrifida,  apdcialaeant  dana 
laa  fanStrss  da  tranamiaaion  atmoaphdriqua  [13]. 
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3.1.  Caleul  d«  1m 

La  transmission  aoltculaira  Ta  paut  c'tcrlrs  aoua  la  forma 


T. 


■  R<V)  -  Ta(V,D)  dV 


S<V)-  R<V)  dV 


(3) 


oft  8<V)  mat  la  lumlnanoa  da  la  aourca  au  nombra  d'onda  V,  R(V)  aat  la  rtponss  apactrala 
da  l'apparall  da  maaura  at  tb(V,d)  aat  la  transmission  aoltculaira  aur  la  trajat  D  au 
nombra  d'onda  V. 

La  prlncipa  da  la  mttboda  da  calcul  raplda  conalata  4  falra  daa  calcula  dlta  axacta 
avae  LOWTRAN  pout  dlfftrantaa  conditlona  at  raprtssntar  toutaa  laa  valaura  da  tm  alnal 
obtanuaa  par  un  polynftaa  dont  laa  coaff Iolanta  aont  obtanua  par  una  method a  daa  nolndraa 
carets .  Pour  11ml tar  la  nombra  da  paranttraa  4  prandra  an  oompta,  on  na  trailer#  qua  la 
cam  d'un  trajat  horliontal  da  lonquaur  varlabla  au  ran  du  aol,  pour  una  fonotion  aourca 
at  una  rtponaa  apaotrala  du  rtcaptaur  connua .  Dans  at  csa.  daa  caloula  dolvant  ttra 
affactuta  pour  dlfftrantaa  valaura  da  la  dlatanca  D,  da  la  tamptratura  da  l'alr  t  at  da 
1' humid! t4  ralatlva  RR  j  laa  valaura  choiaias  pour  oaa  trola  varlabla#  dolvant  oouvrir 
l'anaambla  daa  conditlona  pour  laaquallaa  on  vaut  pouvolr  utlllaar  laa  formulaa  da 
calcul  raplda. 

La  tranaalaaion  noltoulalra  Tm  paut  aa  oalcular  4  l'aida  da  la  formula  aulvanta  : 


Vm  -  amp ^a,  +  atD  +  aiC  +  a4\J*lH-D  +  ay \j t ' D  +  atJt"’’  +  st>Jd  +  alt\[wH  +  a^HH* 

+  a^rnfwH  +  aiyD-HH*J(4> 

oft  *,>*«•  *»•*#'  •  *«  '  *«'  *i  e  '*»»'*»«  Bt  “i  •  ,ont  d4t«r“in*“  P*r 

atthoda  daa  moindraa  oarrta,  NH  aat  la  quantltt  da  vapsur  an  a>m"',  tt  :  tamptratura 
rtdulta  (tt  -  t/373,15). 

Da  tallaa  formula#  out  ttt  dttarmlntaa  dona  difftrant#  oaa  ;  noua  donnarona  4  tltra 
d’axaapla  laa  caa  aulvanta  : 

a  S  aat  un  corpa  nolr  4  una  tamptratura  auptriaura  da  D*C  4  la  tamptratura  da  l'alr 
aubiant  ; 

a  daux  caa  aont  conaldtrta  pour  R,  corraapondant  4  daa  rtponaaa  apaotrala#  typlque#  da 
ayattma  dana  la  bands  3-B  pm  at  dana  la  bands  8-13  pm  (Fift.  la  at  lb)  ; 


Fig.  la  -  Mponse  spec  train  du  f litre  I. 


Fig.  1b  -  Riponse  spettrale  du  (Hire  II. 
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•  laa  valaura  da  la  dlstanca  D  aont  comprisa*  antra  500  a  at  9  ka  ; 
a  las  valaura  da  la  taapdraturo  da  l'air  antra  -  40*  at  +  40‘C  ; 
a  las  valaura  da  l'huaiditd  ralatlvs  sont  compriass  antra  30  at  99  % . 
baa  coaff Iolanta  obtanus  sont  donnds  dans  las  tablaaux  1  at  2. 


TABLEAU  I 
Coefficients  das 
polyndmes  donnant  la 
transmission  moIBculaire 
pour  le  filtre  I 

-0,161332860.102 
0,149978170.102 
-0,479665207.102 
-0,158601651 
0,120748378 
0,533365884.102 
•  0,255794485 
0,106168701.102 
0,372892532.102 


TABLEAU  II 
Coefficients  des 
polyndmes  donnant  la 
transmission  pourle 
filtre  It 

-0,101290891.103 
-0,180136213.10-1 
-0,211764431.103 
-0,945825248.10-1 
0,793163546 
0,276443669.103 
-0,691683000 
0,365343221.102 
-0,564004194.10-2 
0,489623633.10-1 
-0,066948422.10-4 
0,132029218.10  1 
-0,4599119913.10-3 


3.3.  Calcul  da  T 


On  traits  Inddpandammsnt  la  cas  das  adroaols,  du  brouillard  at  da  la  pluia  ;  la 
ansmission  Tp  paut  dona  a'dcrlra  sous  la  forma  : 


T,  “  \ 


*  *  TM 


(5) 


06  T  aat  la  tranamission  dua  aux  adroaola,  T.  calls  dua  aux  broulllarda  at  T .  calls 

•  >r  pi 

dua  4  la  pluia. 


Four  la  calcul  da  la  transmission  dua  aux  atrosola,  on  traits  adpartmant  la  caa  daa 
troia  modSlaa  d'adroaola  :  ruraux,  urbalns  ou  aaritlnas.  Four  chacun  da  cas  moddlas,  la 
formula  utlllsda  ant  la  aulvanta  : 

\  -  nxpjjSj  4  a,  •  D  •  WT ‘  +  a>  D  ■  VIS’1  +  a4  ■  D  •  RK"*  +  a,  ■  D  ■  RH" 1  •  VIS-‘+  a,  D 

+  af  ■  Rir'+  at  -  VIS-*+  a,  •  D*  ■  V1S"*+  at<-  D  •  RH‘W,+  a, ,  •  D  *  VIS-1''* 

+  a,«  ■  D  •  VIS’ 1  ■  HIT  1  '*+  a4  ,  •  D  •  RH"  1  •  VIS-1  J  .  (5) 

oil  RH  aat  l'huaiditd  ralatlvs  an  %  at  VI*  la  visibilitd  an  km.  Da  tallaa  formulas  ont 
4t4  d4tarmin*aa  pour  laa  condition!  cltdas  prdoddamnant  at  pour  das  valaura  da  la 
vlslbllitd  comprlaaa  antra  50  at  1  km.  Laa  coaff Iolanta  obtanus  aont  donnda  dans  las 
tablaaux  3  at  4. 

Four  la  transmission  duo  aux  broulllards,  la  formula  aulvanta  ast  utilista  i 


Vhr  -  axp  [-  4,36  ■  D  -  VIS"1]  (6) 

Four  la  transmission  dua  4  la  pluia,  la  formula  aulvanta  a  *t*  ratanua  : 

TM1  -  axp  |-  D  •  <0,39  R*  '*  +  0,03  R  -  0,00016  R*  )  j  (7) 

Laa  rdaultata  obtanua  an  utiliaant  caa  formulas  sont  an  accord  avac  coux  obtanus 
avac  LOMTRAM  A  rniaux  qua  1  % .  La  tampa  da  calcul  ndcaasaira  ast  100  fois  plua  falble  quo 
calui  nduassaira  avac  LOWTRRN. 


TABLEAU  III 

Coefficients  des polyndmes donnant  la  transmission 
par  Its  atrosois  pour  le  Ultra  I. 
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AEROSOL RURAL 

AEROSOL 

MARITIME 

AEROSOL  URBAIN 

Coefficients 

0,496722301.10-1 

-0,106744439.10-2 

0,7861 15960.10-4 

biAbia 

0,116204112 

0,366393532 

-0,192189662 

-0,284044408 

-0,300648638 

-0,481693419 

0,677503697.10-1 

-0,208031679 

0,112570207 

0,209867002 

0,385606677.101 

-0.810464S00.10-1 

-0.423463953.10-2 

0,106040874.10-1 

-0,707639773.10-2 

-0,331392271.10-3 

0,581972509.10:3 

-0,515515089.10-3 

-0,109580400.10-3 

0,942989239.10-2 

-0,224527140.10-3 

0,311730497.10-3 

0,225600979.10-1 

0,511248823.10-3 

0,552712152.10-1 

-0,159206635 

0,893889054.10-1 

-0,597721695.10-3 

0,562181449.10-1 

-0,807267158.10-3 

-0,545826856 

-0,689055346.101 

-0,378572360.10-2 

-0,269924422.10-2 

-0,494354053.10-1 

-0,344874076.102 

TABLEAU  IV 

Coefficients  das  polyndmes  donnant  la  transmission 
paries  aerosols  pour  le  filtra  II. 


AEROSOL  RURAL 

AEROSOL 

MARITIME 

AEROSOL  URBAIN 

Coefficients 

0.300340000.10-1 

0,357396137.10-2 

-0,612596623.10-* 

b|  A  bu 

-0,152787278 

0,763318749.10-1 

-0,172369602 

-0,342753352 

•0,163642339 

-0,410737778 

0,852706527.10-1 

-0,223094981.10-1 

0,994862786.10-1 

-0,989051697.10-2 

0,136502234.101 

-0,157530637 

-0,558614109.10-2 

0,819524609.10-3 

-0,637544712.10-2 

-0,229704174.10-2 

0,253127257.10-1 

0,646295729.10-3 

-  0,264696092. 10-A 

-0,400847888.10-2 

-0,910442908.10-4 

0,353550645.01-2 

0,958051509.10-2 

0,113152824.10-2 

0,722503789.10-1 

-0,229633578.10-1 

0,801364593.10-1 

-0.309435019.10-2 

0,169260519.10-1 

-0,155434255.10-2 

-0,130938827 

-0,279731582.101 

0,152983277 

-0,160877469.10-1 

-0,168215905 

0,451058917.10-2 

4.  EXAMPLES  D ' APPLICATIONS 

4.1.  Una  station  xAtAorolcgique  transportable  dAdiAu  aux  nasuraa  dans  l'infrarouga  [13] 

La  trananlaaion  daa  rayoonexenta  lntrarougss  dana  1'ataoaphAra  sat  una  donnAe 
particuliAraxant  inportanta,  qui  paut  avoir  una  oartaina  intluanoa  aur  la  prAciaion  daa 
■aaurss  da  signatures  tharniqusa  daa  ciblas  par  axsapla.  C'aat  auaai  una  donnAa 
parnattant  d'oriantar  la  choix  du  syetAaa  d'arua  A  engager. 

■ur  la  tarrain,  on  paut  la  assurer  avao  un  tranaaisaioxAtra  ayant  una  rAponaa 
apactrala  voialna  da  calls  du  captaur  *  utiliaar  ;  aaia  las  utiliaataurs  na  dlapoaant 
paa  tou jours  du  xatArial  nAcasaalre.  Auaai,  una  autra  approohe  oonaiata  *  utiliaar  una 
station  xAtAorologiqua  transportable  at  A  calcular  la  trananlaaion  A  partir  das  donnAaa 
aaaurAaa  at  daa  forxulea  sinplifiAss  prAsentAaa  pr AoAdsnaent . 

Dana  ca  darniar  contexts,  una  station  sAtAorologlqua  transportable  a  At A  rAallaAa 
par  la  CKLAA  (fig.  a) .  Ilia  conprend  : 

•  un  tharnoxAtra, 

•  un  hygronAtra, 

•  un  baroxAtre, 
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•  un*  girouette, 

•  im  an*mom*tra, 

•  un  visibllim*tra  (VIDEOGRAPH  fabriqu*  par  la  8ool*t*  lapul*  Phyaik,  RPA) . 


Fig.  2  -  Photographies  de  la  station. 


La  station  aat  anti*rsaant  numdrlqu*  at  fonctionn*  avac  un  alcroprocaaaaur  H8C  800. 

Las  formulas  da  calcul  rapids  da  la  transaission  infrarouga  pr*sent*os  ci-dassua 
ont  4t*  programs***  ;  11  outfit  dona  d'lntroduirs  la  diatanca  pour  obtanlr  las  daux 

valours  ds  la  traaaaiasloa . 

4.2.  Atlas  da  la  traaaaiaalon  Infrarouga  an  Franca  [14] 

Coaac  11  a  d*J*  *t*  signal*  dans  1 ' Introduction,  11  aat  Important  da  pouvolr 
dlspoaar  da  donndsa  atatlstlquos  da  transaission  dans  la  phasa  do  concaption  d'un 
aatdrial  f onctionnant  dans  1 ■ infrarouga . 

C'aat  pour  rdpondra  *  ca  basoln  qua  la  CILAX,  avac  l’aida  du  Ssrvic  central  do  la 
M*t*orologia  National*,  a  calcul*  aur  tout  la  tarritoira  frangais  doa  probability*  da 
transmission  an  band**  3-5  at  8-12  pm,  pour  r*pondra  *  das  applications  tarrootras  (* 
notar  qu'un  atlas  A  pau  pr*o  almllaira  a  *t*  r*alls*  pour  la  Karins  Nationals). 

Las  transmissions  ont  *t*  calcul***  an  utllisent  laa  formulas  simplifi**a  d*critaa 
pr*c*dammant  at  las  triplata  tri-horairaa  da  tamp*ratura,  humidit*,  visibillt*  masur*a 
par  la  H*t*orologia  National*.  Cas  donn*ea  proviounant  das  ralav*s  aynoptiquau  affactu*s 
antra  1949  at  1982  dans  traisa  stations  a*t*orologlquaa  frangais**. 

La  figure  3  montrs  laa  amplacaaanta  g*ographiquas  das  stations  a*t*orologiquaa 
cbolaios  at  laa  r*glons  dont  alias  sont  rapr*sontativaa . 

Las  donn*aa  d'antr**  n*caaaairaa  au  calcul  das  transmissions  affoctu*  *  l'aid*  das 
formulas  simplifi***  aont  las  suivantaa  : 

•  tcmp*ratura  :  on  utilise  la  valour  aasurda  ; 

•  humidit*  relative  at  quantit*  da  vapour  d'aau  :  on  utilise  la  valaur  masur*a  da 
1 'humidit*  relative  at  on  calcul*,  *  l'aida  da  la  formula  claaaiqua,  la  quantit*  de 
vapour  d'aau  *  partir  das  valour*  da  1' humidit*  relative  at  da  la  temp*rature 

m*sur*aa  ; 

a  visibillt*  :  on  utilia*  la  valaur  masur*a  ; 

•  type  da  particula  :  on  n'a  oonaiddr*  ici  qua  la  cas  das  a*rosola  at  daa  brouillarda  at 
on  a  *llmin*  laa  conditions  "avac  pluio"  pour  laaquallas  on  n*  disposait  pas  do 
donndaa  auffisuntaa.  Lorsqua  la  viaiblllt*  aat  infdriaura  *  1  km,  on  utilisa  la 
formula  correspondent  au  brouillard  ;  lorsqua  la  visibillt*  aat  sup*rieura  ou  *gsl«  * 
1  km,  on  cholsit  un  type  d'adroaol  an  utilisant  la  m*thoda  cl-apr*s. 
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Fig. 3  -  Position  gdographique  des  stations. 


Le  coefficient  d ' extinction  eet  calculi  en  utilieant  la  formula  auivanta  : 

“  C»  +  C*  +  C.  ,8) 

avec  : 

0  <  Dc  <  10  km  C,  ■  0,5 

idem  pour  Cf 

20  <  D  *  100  km  C  -  0,3 


Lee  tranamiaaiona  dane  lea  deux  bandaa  infrarouges  choiaiea  aont  enauita  calculiea  pour 
cheque  station,  chaque  triplet  tri-horaire  pour  lea  35  annias  da  mesure  at  pour 
diffirentes  valeura  de  la  distance  :  500,  1000,  1430,  3000  at  5000  m.  Un  temps  de  calcul 
100  fois  plus  faible  qua  celui  qu'aurait  ntcesaitt  1 'utilisation  da  LOWTRAN  a  4t6 
obtenu. 

Las  risultats  ont  4t4  traitis  de  mani4re  k  obtenir  des  probability  d' avoir  una 
transmission  donnte  en  un  lieu  donnt,  aur  une  distance  donnie,  pour  diffirentes  saisona 
ou  pour  diffirentea  heures  de  la  journie  ;  dea  exemplea  de  rtsultats  sont  montris  aur  la 
figure  4. 


Tranimlwlon  3. 1  -5.4  ABBEVILLE  Trantmisiion  8 -12  ABBEVILLE 


Fig.  A  -  Statistiques  des  transmissions  sur  un  trajet  de  3000  m  d  Abbeville, 
a)  bande  I;  b)  bande  II. 
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La*  rdsultats  4a  cat  atlaa  aont  contanu*  dan*  cinq  disquettas  da  S  1/4  pouc#s 
MS  DOS  ;  un  menu  parse t  4*  cboiair  : 

•  la  station, 

•  la  moia, 

•  la  band*  apactrala, 

•  la  diatanca, 

•  la  pdrioda  da  la  journde  :  0  *  6  h,  12  A  18  h  at  0  A  24  b. 

La  rdsultat  obtanu  ast  un  histograms*  cumuld. 

5.  CONCLUSION 

Daa  formulas  parnattant  un  calcul  rapid*  da  la  transmission  sur  das  trajets 
horizontaux  ont  it*  dtablis  pour  daux  bandas  apactrala*  typiques  ;  caa  formulas 
parmattant  da  calcular  las  transmissions  avac  un*  prdcision  idantiqu*  *  call*  du  coda 
LOWTRAN,  puisqu’il  a  At*  montr*  qua  l'dcart  antra  las  valaurs  das  transmissions 
calcul**#  avac  cas  formulas  ou  avac  LOWTRAN  na  dipass#  jamais  1  %.  Catta  prdcision  ast 
nattamant  supdriaur#  aux  incartitudaa  introduitas  par  la  choix  d'un  moddl*  d'adrosol. 

Concarnant  ca  choix  du  moddl*  d'adrosol,  un*  mdthoda  qui  donna  da  bona  rdsultats 
d'un  point  da  vua  statistique  a  dtd  proposd*. 
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14.  Abstract 

Nf 

Atmospheric  propagation  of  electromagnetic  waves  at  frequencies  above  30  GHz,  i.e.  millimetre 
(MM)  waves  and  infra-red  (IR),  visible  and  to  some  extent  also  ultra-violet  (UV)  radiation,  is  of 
importance  to  many  current  and  future  military  applications.  Propagation  phenomena  affect  and 
often  limit  navigation,  communications,  surveillance,  search,  target  acquisition,  fire  control, 
autonomous  weapons  guidance,  kill  assessment,  countermeasures  and  medium  to  high  power 
laser  applications. 

Recent  advances  in  components  and  technology  have  prompted  extensive  studies  and  novel 
applications  in  the  above  wavelength  region.  Specifically,  second  generation  infra-red  detector 
technology,  smart  image  processing,  as  well  as  active  coherent  detection  systems/i.e.  millimetre 
wave  and  laser  radars,  have  required  dedicated  propagation  studies,  including  much  longer  ranges 
over  land  and  sea,  multiple  scattering  effects  and  especially  turbulence  induced  systems 
limitations. - - - __ 

An  exchange  of  information  between  scientists' anti  enginemiliyolved  in  research  and 
development  in  this  wavelength  region  is  expected  to  benefit  furthertfottelopment  of  systems  and 
explore  new  areas  of  research  as  well  as  military  and  civilian  applications>The  following  topics 
have  been  discussed. during  the  45th  symposium  of  EPP. 

1 1 .  Propagation  measurements;  ~  4.  System  aspects  and  performance  modelling; 

2.  Propagation  models;  &J5.  Countermeasures.  A>  v  c -•  -•  - v/y  < 

3.  Sensing  of  the  propagation  environment; 


